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ABSTRACT
In view of the competing demands on land to feed people adequately, sustain biodiversity and 
ecosystem services and mitigate climate change, there is a clear need for a systematic basis for 
allocating land use with respect to economic and environmental objectives.
This study formulates an integrated environmental and economic assessment of the global 
consequences of changing current land use in the UK with different land-use strategies for food, 
feed, foel, timber and carbon sink. Novel operational approaches are proposed for resolving the 
associated methodological issues, which are applied in the characterisation of the main land-use 
strategies in the UK.
Life Cycle Assessment (LCA) is used for the environmental assessment, with emphasis on 
ecosystem carbon balances as the contribution to both global climate change and ecosystem 
services and biodiversity impacts. A parallel economic assessment is integrated with LCA.
The results indicate that changing land use and management on current cropland generally does not 
deliver improvements in all three criteria of mitigating climate and impacts on ecosystem service 
and biodiversity, while creating additional economic value. There are a few exceptions, of which 
wheat and barley for feed and under organic management are the best.
Expanding cropland onto set-aside and permanent grassland is more beneficial when crops are used 
for fuel (CHP) or for carbon sink (in the case of Douglas Fir and Ash, Sycamore and Silver Birch). 
Expansion onto set-aside is largely undesirable if by arable cropping, but desirable by energy and 
forestry crops. The former are best used for CHP whereas the latter as carbon sinks, even though no 
economic value is generated in the foreground system.
The consequential assessment showed that indirect effects (i.e. those in the background system) are 
relevant and ought to be considered when assessing land-use strategies.
© Miguel Brandao 2012
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Chapter I - Introduction
1.1 Background and Rationale
1.1.1 Land productivity
Throughout human history, land use has become progressively more intensive in order to 
support an extraordinary human population growth, particularly since the industrial 
revolution when fossil energy resources replaced their bio-based counterparts. Increases in 
the productivity of land have even led to a view, almost certainly transient, that land 
availability is not a constraint on human activities, a view encouraged by general 
improvements in technology which have resulted in increased production per unit of land. 
However, high growth rates of the human population emphasise that land is a finite resource 
with a limited carrying capacity, a potential problem first identified by Thomas Malthus 
(1798).
Global average yield for the three most important staple food crops (wheat, rice and maize) 
increased between 1961 and 2008 (by 183%, 131% and 163%, respectively), despite some 
inter-annual fluctuations (see Figure 1.1), but yield growth rates now seem to be declining, 
indicating the possibility of a “peak” in the near future at which the maximum rate of global 
food crop production will be reached and after which it may decline (see Figure 1.2).
«■ 4
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Figure 1.1 Global average yield of maize, rice and wheat between 1961 and 2008 (FAOSTAT, 2010)
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Figure 1.2 Cereal yield growth rates (Note: Data represent the average annual percentage increase in yield 
between successive rolling five-year periods (e.g. data for 1970 refer to the increase in average yield comparing 
1966-70 with 1961-65; FAOSTAT, 2010)
Section 6.1.1 of Annex A provides a systemic overview of the relationship between land and 
society. Particularly, it explores how land has been used as a resource for human welfare and 
the sustainability implications associated with it throughout human history.
1.1.2 Land-use competition and food security
There is a tension between the Malthusian view and the "comucopian" view (Chenoweth and 
Feitelson, 2005; Lomborg, 2001; Meadows et a l, 2004), exemplified by many optimistic 
biofuel studies (e.g. Lywood et a l, 2009), that the growth in productivity illustrated by 
Figures 1.1 and 1.2 can provide sufficient food and fuel. This view seems to be unfounded, 
since positive yield growth rates cannot be sustained indefinitely by technological progress. 
In addition, most of the best and most productive land is already under production and, 
therefore, it is perfectly arguable that marginal yields will be lower than current yields. This 
is particularly the case in economically-developed countries, although developing and 
emerging economies still have large pools of land coming into production (through, e.g., 
deforestation) where yields could be as high or higher than current ones. This argument will 
be elaborated on in Chapter III.
In addition to the demand for food to feed an increasing human population, land is 
increasingly required to provide other materials and energy. A multitude of underlying and 
interrelated factors - such as demographic growth and affluence, and the overall increase in 
supply made possible by yield increases - contribute to the overall increase in the quantity of
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land products demanded, exemplified by increasing consumption of meat and dairy produce 
in China and India. This has led to an increase in food commodity prices and, in turn, to 
decreased food security (see Figure 1.3).
Concerns over energy security, global climate change and loss of ecosystem services and 
biodiversity have led to interest in using land in ways that mitigate these threats, particularly 
in growing crops to displace fossil fuels or to sequester and store carbon, without 
compromising economic objectives.
With the objectives of reduced greenhouse gases (GHGs, see Glossary) emissions associated 
with energy use, coupled with increased energy security, ambitious plans to promote 
bioenergy use have been developed with targets set in terms of percentage of energy or fuel 
used. These plans imply that land use for increased production of bioenergy will grow, with 
resultant pressure on food production and prices and consequences for food security.
Figure 1.3 shows that promoting biofuels will shift the demand curve from D to D’ (increased 
crop quantity demanded from Qi to Q2) which, in turn, will raise the overall cost of crops 
(from Pi to P2). Consequently, the quantity of food consumed will decrease (change from Qi 
to Q3). However, the demand function may be steeper if one assumes an inelastic demand (as 
food products are necessities whose demand is less sensitive to price fluctuations). Similarly, 
a more elastic (lower gradient) supply curve would result in a lower price increase than that 
shown on the figure and, hence, in a lower decrease in food consumed.
Price (P)
Quantity (Q)
Figure 1.3 Increased crop demand leading to increased crop prices
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Thus, shortages of food supply have partly been created by increased demand for biofuels, as 
land that is used for energy will not be available for food production. Competition for land 
between food and energy crops is therefore a serious issue because it might decrease the 
potential for food production but, most importantly, it will raise the price of food (see Figure 
1.3). Figure 1.4 shows changes in the annual international real prices of major food 
commodities. Real food prices in 2011 are more than the double than those from the 
reference period of 2002-2004.
The price of food is arguably a more critical determinant of food security than food 
availability per se. A policy research working paper for the World Bank (Mitchell, 2008) 
concluded that the most important factor behind the rapid rise in food prices was the large 
increase in biofuel production in the US and the EU. The production of first generation 
biofuels ought to be questioned due to its potential negative effect on food security - a basic 
human need.
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Figure 1.4 Annual real food commodity price indices (2002-2004=100) (PAO, 2011)
1.1.3 Energy security
At present, our society is heavily dependent on fossil energy resources to power economic 
processes. The excessive reliance on imports from politically-unstable regions of the world 
has exacerbated the need to secure energy with less risky strategies. Furthennore, at current 
rates of consumption, proven and conventional reserves (i.e. those that can be economically 
produced with current technology) of coal (616 GtC), oil (142 GtC) and gas (70 GtC) are
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sufficient to last 119, 48 and 63 years, respectively (BP, 2010; lEA, 2009). Reeent estimates 
for production, consumption and reserves can be found in Section 6.1.2 of Annex A.
1.1.4 Climate change
The potential threats arising from climate change, as well as its anthropogenic causes, are 
now widely recognised. The Intergovernmental Panel on Climate Change (IPCC) and former 
US Vice-President A1 Gore were awarded the Nobel Peace Prize for their achievements in 
this area, and much of the world is now engaged in a common endeavour to tackle climate 
change.
There is increasingly compelling evidenee to substantiate the argument that potential climate 
change is related to inereasing concentration of anthropogenic GHGs in the atmosphere (see 
Figure 1.5 and 1.5), and is the greatest (environmental) challenge that humanity faces today, 
threatening society and its foundations. As this is the scientific consensus (e.g. King, 2007), it 
is widely recognised in the UK that it is desirable to move towards a low-carbon economy. 
This has been expressed by several governmental and non-govemmental bodies, trusts and 
research councils. The report by the Royal Commission on Environmental Pollution (RCEP,
2000), followed by the Energy White Paper (DTI, 2007) exemplify such a strategic aim, 
embodied in the existence of the Carbon Trust, an independent company established and 
funded by the government to help the UK move to a low-carbon economy.
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Figure 1.5 Atmospheric CO; concentration by volume and temperature deviations from the average o f last 1,000 
years in the last 800,000 years (Mulvaney, 2010)
Chapter I - Introduction
CO; ppm
0.6400
380 0.4
360
0.2
340
0.0320
- 0.2300
280 - -0.4
260
-  - 0.6
240
-  - 0.8220
- 1.0200
(N
< 0 2  ppm
■ Temperature 
(Anomaly)
- Temperature 
(Smoothed)
Figure 1.6 Atmospheric CO; concentration by volume and temperature deviations from the average of 1961- 
1990 since 1850 (Met Office Hadley Centre for Climate Change and Climatic Research Unit at the University of  
East Anglia, 2009)
As part of the strategy to reduce GHG emissions, government policy in the UK and elsewhere 
has promoted the production and use of biomass energy, mainly liquid biofuels for transport 
and energy crops for heat and/or power. This policy also contributes to other political and 
social objectives, such as reduced reliance on fuel imports (energy security) and increased 
income to farmers and rural communities (Charles et a l, 2007; Mattison and Norris, 2005; 
Mattison and Norris, 2007). The UK Biomass Strategy published in 2007 sets out a clear 
hierarchy for biomass which shows that the preferred uses are for heat and combined heat and 
power (CHP) (DEFRA et a l, 2010).
Superficial examination suggests that biomaterials and bioenergy should be associated with 
lower emissions of GHGs than their fossil counterparts, since they form part of the renewable 
carbon cycle: the CO2 released on combustion or disposal was originally removed from the 
atmosphere by the growing plants. However, such a superficial analysis can be misleading, 
especially for transport biofuels (Clift and Mulugetta, 2007): it is necessary to examine the 
complete life cycle of the land product, including direct and indirect land-use changes. When 
this is done, not all land products show improved environmental performance (Gartner and 
Reinhardt, 2003; Sheeham et a l, 1998; Spirinckx and Ceuterick, 1996).
Although the primary source of rising atmospheric CO2 is the use of fossil fuels, historical 
land use and land-use changes (LULUC) which release carbon from terrestrial ecosystems as
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CO2 have contributed more than one-third of the total emissions of CO2, the principal GHG 
(Denman KL et a l, 2007). Because the global terrestrial stock of carbon in both vegetation 
and soils represents around three times as much as the atmospheric stock (Watson et a l,
2001), those land uses and management practices that influence carbon and other GHG flows 
are of potentially high importance in climate-change mitigation strategies. Righelato and 
Spracklen (2007) have gone so far as to suggest that “the carbon sequestered by restoring 
forests is greater than the emissions avoided by the use of the liquid biofuels” due to the C 
sequestered in the soil and in above-ground biomass, and therefore argue for reforestation and 
forest maintenance. It is clear that, in contrast to annual crops, perennial cropping systems 
tend to accumulate Soil Organic Carbon (SOC) and some energy crops, such as Short 
Rotation Coppice (SRC) willow, can also serve for remediation of contaminated soil (Britt et 
al, 2002; Milà i Canals et a l, 2007b).
Furthermore, indirect effects can be highly significant in the life cycle of biofuels. In addition 
to the food vs. fuel dilemma, unintended consequences arising from indirect land-use changes 
(iLUC) provide a further argument against the adoption of these fuels. This phenomenon 
refers to the potential release of additional CO2 due to land-use changes around the world 
induced by the expansion of croplands in response to increased global demand for biofuels 
and other land-based products. As farmers worldwide respond to higher crop prices and 
divert their crops from food to fuel purposes, pristine and set-side lands are converted to new 
cropland to replace the feed and food previously grown on land now dedicated to biofuels 
production (Brandao et a l, 2011; Brandao and ter Horst, submitted; Edwards et a l, 2008; 
Fargione et a l, 2008; Gallagher, 2008; Searchinger et a l, 2008). These lands may have a 
high density of carbon bound in soils and vegetation which, upon conversion, is released to 
the atmosphere. Consequently, the “carbon debt” (see Glossary) of biofuels may be very high 
and, in some cases, their carbon payback time (see Glossary) may be as high as 2,000 years 
(Brandao and ter Horst, submitted; Fargione et a l, 2008; Gibbs et a l, 2008). The original 
policy targets  ^ of the European Commission on the use of biofuels may have to be revised 
following the concern expressed by one of its Directorates-General, the Joint Research 
Centre, that the effects of iLUC may negate any GHG savings from replacing fossil fuels 
with biofuels (Edwards et a l, 2008).
' 20% share o f renewable energies in energy use in general and, specifically, a 10% share o f biofuels in petrol 
and diesel consumption by 2020 (EU, 2009).
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In addition to carbon, emissions of nitrous oxide (N2O), mainly due to fertiliser use, is a 
major concern (Crutzen et a l, 2007; Landis et a l, 2007) due to the high potency of this 
GHG, whose Global Warming Potential (GWP, see Glossary) is nearly 300 times that of CO2 
on a 100-year timeframe (Forster et a l, 2007).
The high variability in the impacts of bioenergy has led to the development of standards for 
sustainable bioenergy (e.g. Fritsche et a l 2006). The potential GHG savings from bioenergy 
and biofuels are not clear and vary widely according to:
■ the system delimitation adopted (Brandao et a/., 2011; Foereid et a l, 2004; Larson, 
2006),
■ the crop/feedstock chosen and how it is used (power, heat, CHP, or ethanol and 
biodiesel for transport), and
■ the amount of agrochemicals used (Crutzen et a l, 2007).
Debate over the advantages or otherwise of producing biofuels or bioenergy is intense in both 
peer-reviewed journals and the general media (Dalgaard et a l, 2006; Farrell et a l,  2006; 
Kennedy, 2007; Palmer et a l, 2006; Pimentel et a l, 1981; Raghu et a l, 2006; Righelato and 
Spracklen, 2007; Tilman et a l, 2006; Vidal, 2007). In any case, biofuels and bioenergy can 
only supply a small fraction of current energy demand due to the fact that land is a finite 
resource (see Section 6.1.3 Land and the global energy cycle of Annex A). The competition 
for land with food crops highlights that net energy yield per hectare should be a major 
determinant between alternative energy crops (Clift, 2007; Doombosch and Steenblik, 2007; 
Pimentel et a l, 1995).
1.1.5 Ecosystem degradation and biodiversity loss
Despite the current well-deserved attention to climate change, it is equally important to 
acknowledge impacts on ecosystems, which are at the base of all bioproducts and many 
important processes. Indeed, the biological productivity of land-based (i.e. terrestrial) 
ecosystems is just one of several “services” upon which human existence and welfare depend. 
The Millennium Ecosystem Assessment (2005) identified a range of services provided by 
ecosystems: “food, water, timber, and fibre; regulating services that affect climate, floods, 
disease, wastes, and water quality; cultural services that provide recreational, aesthetic, and 
spiritual benefits; and supporting services such as soil formation, photosynthesis, and nutrient 
cycling”. Pressure on ecosystems through changes in land cover and use has led to a decrease
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in the number and size of habitats for non-human species, but also to a decrease in soil 
quality. Land use is recognized as the main driver of soil degradation, although soil quality 
may also be enhanced depending on land management practices. Intensive land use has 
resulted in biodiversity loss and in an impairment of the ability of ecosystems to function (i.e. 
to support biodiversity and to provide the above services) which has led in some cases to 
desertification (United Nations, 1977). This is a major concern due to the decreasing amount 
of fertile land per person (Milà i Canals et a l, 2007b; Pimentel et a l, 1995). SOC content is a 
key component of soil quality, determining several ecosystem services (Milà i Canals et a l, 
2007a; Milà i Canals et a l, 2007b; Millennium Ecosystem Assessment, 2005), and its loss is 
a major cause of soil degradation (Lai, 2003, 2004a, 2004b, 2004c). However, degradation of 
soil carbon has not been properly and consistently addressed in the environmental assessment 
of land-use activities, in particular agriculture and forestry.
1.2 Problem Statement
Before alternative technological strategies are implemented with the intention of meeting 
sustainability targets, their claimed benefits and impacts need to be assessed meticulously, 
especially where the full consequences may differ from those intended (see Postnormal 
science in Glossary). In the case of biofuels, assessments are of little value if a systems 
approach is not adopted. Important considerations include the whole life cycle of the biofuel; 
the direct and indirect impacts such as those arising from land use and land-use change; and 
dynamic assessment of the consequences of adopting these technologies, such as effects on 
the production, prices and security of food. Impacts on biodiversity and ecosystem services 
must also be considered, as well as the economic impacts associated with different strategies.
As outlined above, land use plays an important role in the functioning of both the climate 
system and terrestrial ecosystems, in particular through the manipulation of the energy and 
biogeochemical cycles, such as the carbon cycle. However, the impacts of land use on 
climate and ecosystems have not been properly incorporated in the sustainability assessment 
of land uses, such as food, feed, fuel and timber. In addition to the GHG balances, additional 
environmental impacts on ecosystem services and biodiversity must be taken into account in 
a systems approach to assessing land use.
In view of the competing demands on multifunctional land - a limited and scarce resource - to 
feed people adequately, sustain biodiversity and ecosystem services and mitigate climate
10
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change, there is a clear need for a systematic basis for allocating land use with respect to 
economic and environmental objectives.
1.3 Aims and Obj ectives
The purpose of this study is to formulate an integrated environmental and economic 
sustainability assessment, covering the gaps identified above, for comparing different land- 
use strategies for food, feed, fuel, fibre and carbon sink. The comparison is carried out by 
analysing the system within a wide boundary, so that it includes consequences in other parts 
of the world. The focus is the cultivation of crops for different uses and the subsequent 
displacement they cause.
Life Cycle Assessment (LCA) is used for the environmental assessment, concentrating here 
on GHG balances as the contribution to global climate change with special emphasis given to 
finding a life-cycle approach to assessing land-use impacts on ecosystems. A parallel 
economic assessment is integrated with LCA, also using a life cycle perspective that covers 
all activities in the supply chain from “cradle to grave”. The scope of the study, therefore, 
encompasses the whole life cycle, firom the extraction of raw materials through agricultural 
activities, production, use, transport and waste management. The emphasis is on systematic 
estimation of the inventories of emissions and sequestration of GHG associated with different 
types of land use along the complete supply chains of land-use products, with the focus on 
food and bioenergy systems. This requires the improvement of existing life cycle assessment 
methodologies, specifically for carbon accounting.
This work develops an integrated environmental and economic sustainability assessment 
method to explore and compare alternative ways of using land. Among other things, it is 
hoped that this study advances the discussion on the impacts of promoting renewable energy 
sources, in particular the indirect land-use change effects from increased biofuel demand. If 
so, both private and public policy-makers will have more robust information upon which their 
decisions may be based.
The specific objectives of the work are:
1 . to develop life cycle impact assessment methods for land use impacts on 
ecosystem services and biodiversity, and on biological carbon sequestration 
potential;
11
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2 . to characterise, compare and contrast the global environmental and economic 
consequences of alternative land-use strategies in the UK; and
3. to identify the land-use strategies in the UK that, on a global level, contribute the 
most to mitigating both climate change and impacts on the provision of ecosystem 
services and on biodiversity, while increasing global economic value.
1.3.1 Research questions
■ Should biofuels be promoted for their climate-change mitigation potential?
■ Is biogenic carbon climate neutral? If not, how should biogenic carbon flows to 
and from land be accounted for, for the purpose of carbon footprinting the different 
land-use strategies? Does this require methodological developments that are 
consistent with current LCA methodology and external practice (e.g. Kyoto- 
Protocol accounting)?
■ How can impacts of land use on ecosystem services and biodiversity be accounted 
for? Can LCA methodology and characterisation factors be developed?
■ Is it possible to identify with an acceptable degree of certainty the location and 
magnitude of the land areas outside the UK that are affected by alternative land-use 
strategies in the UK through substitution effects, as well as to quantify the 
environmental and economic impacts upon them?
■ What are the most sustainable land uses? Is it possible to determine which land-use 
strategies are best and where in the chain of consequences their benefits lie?
1.4 Hypothesis
A central thesis to be explored in this research is that changing current land use into liquid 
biofuel production in the UK does not result in a global net reduction in GHG emissions and 
can impact negatively upon ecosystems and biodiversity. Several direct and indirect 
sustainability impacts, such as those arising fi*om unfavourable balances of terrestrial carbon 
through Land Use and Land-Use Change (LULUC), food imports, biodiversity and 
ecosystem services, are substantial. As a result, producing biofuels is a relatively ineffective 
land-use strategy for mitigating climate change and for supporting biodiversity and the 
provision of ecosystem services.
12
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1.5 Research Approach and Organisation of the Thesis
To achieve the aims and objectives, the link between land and sustainability is explored in 
Chapter II as background to the research. Then, in Chapter III, the methodological issues 
relevant to assessing the environmental and economic impacts of land-use strategies are 
identified and examined, and operational approaches proposed. In this framework, only a life­
cycle approach is adequate, considering both upstream and downstream consequences so that 
shifting of burdens between different stages of the life cycle of products and between 
different countries is avoided. Assessment of biofuels is a good example illustrating the 
importance of adopting a consequential approach and the inadequacy of any assessment that 
does not incorporate a consequential view. The emphasis of this study is, therefore, on 
improving LCA methodology and developing characterisation factors for impacts of land use 
on climate (including accounting for temporary carbon storage) and ecosystem services and 
biodiversity, which requires systematic estimation of the inventories of emissions and 
sequestration of carbon associated with different types of land use. In Chapter IV, these 
methodological developments are applied in order to characterise the main land uses in the 
UK. A consequential LCA is used for the environmental assessment of five land-use 
strategies in the UK, which is complemented by characterising their economic performance. 
This enables comparison of the different land-use strategies in terms of their relative 
economic and environmental efficiency, e.g. in mitigating climate change and supporting 
ecosystem services and biodiversity. In Chapter V, the findings are discussed, and the 
concluding remarks of the study, including policy implications, are outlined.
13
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2. CHAPTER II
SUSTAINABILITY OF LAND USE: A SYSTEMS APPROACH
Human alteration o f Earth is substantial and growing. Between one-third and one- 
half o f the land surface has been transformed by human action; the carbon dioxide 
concentration in the atmosphere has increased by nearly 30 percent since the 
beginning o f the Industrial Revolution; more atmospheric nitrogen is fixed by 
humanity than by all natural terrestrial sources combined; more than half o f all 
accessible surface fresh water is put to use by humanity; and about one-quarter o f the 
bird species on Earth have been driven to extinction. By these and other standards, it 
is clear that we live on a human-dominated planet.
Vitousek e/fl/. (1997)
Humans have extensively modified the Earth's land surface, altering ecosystem 
structure andfunctioning, and diminishing the ability o f ecosystems to continue 
providing valuable resources such as food, freshwater andforest resources, and 
services such as regulation o f climate, air quality, water quality, soil resources.
Ramankutty et al. (2008)
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Chapter II -  Sustainability of land use: a systems approach
2.1 Introduction
Changes in land cover and land use^  (see Glossary) are among the most significant 
impacts of human society on the environment. Land-use changes  ^are determined by 
the purposes for which people use the land and refer both to the human-induced 
replacement of one type of land use by another and to changes in management 
practices within a land use type, e.g. intensification/extensification of crop production 
(Schubert et a l, 2009).
■  Tropical fo r e st s
■  T em perate  fo re st s
1 .3 5 , 8 % 1 .7 5 , 1 1 %
■  Boreal fo re s t s
■  M ed iter ra n ea n  s h r u b la n d s
2 .5 5 , 1 6 %
■  Tropical s a v a n n a s  an d  g r a s s l a n d s
1 .3 7 , 8 %
■  T em perate  g r a s s la n d s0 .3 5 , 2% 
0 .5 6 , 3 % 0 .2 8 , 2 % ■  Deserts
■  Artie Tundra2 .7 6 , 1 8 %
2 .7 7 , 1 7 %
W e t la n d s
1 .5 , 9 %
■  P erm a fr o s t
■  C rop land s
Figure 2.1 Biome areas (Gha^) (extrapolated from Watson et al, 2000, Chapin et al. 2002, Field and 
Raupach 2004, Tamocai et al. 2009 and UNESCO-SCOPE 2006).
The ever-increasing levels of material wealth that humanity in general, but mainly a 
smaller portion in the North-“West” of the globe, has experienced in the last few 
decades has been largely the result of the increased exploitation of the Planet’s 
natural resources, including land, which at the time must have seemed unlimited.
Globally, all terrestrial biomes can be said to fall into one of eleven categories (see 
Figure 2.1). About 50% of the total land surface has been transformed by direct 
human action (Ramankutty and Goldewijk, 2001), 30% of the world’s natural forests 
have been cleared for various uses in the last 1 0 ,0 0 0  years, such as crop cultivation
 ^ “Land use” is also known as “land occupation” in LCA.
 ^“Land-usc change” is also known as “land transfonnation” in LCA. 
 ^ 1 Gha = 10^  ha
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and pastures (Ramankutty and Goldewijk, 2001), and 12% of land ecosystems have 
been converted to croplands (Ramankutty et ah, 2008). The area under agriculture 
(cropland and grasslands/pastures) has been increasing in some parts of the world to 
meet growing demand for food and fibre and is now around one-third of the total 
global (ice-free) land, which makes it the largest biome in the world, bigger even than 
forests. Rates of change in land use have increased significantly since the onset of the 
Industrial Revolution (Ramankutty and Goldewijk, 2001); for example, less than 10% 
of forests had been cleared by 1700 but more than 20% has been cleared since 
(Goldewijk, 2001). Section 6.1.1.2 of Annex A provides an overview of global forest 
land.
Land use is multifunctional, i.e. land activities perform a range of economic and non­
economic functions, and there are environmental and social burdens and benefits 
associated with each different land use. Although food production is the prime 
purpose of land use, increasing importance has been given to additional goods and 
services that arise from land management; overall these are known as ecosystem 
services. Taking an instrumental view, the functions of land include (Millennium 
Ecosystem Assessment, 2005):
• provision of food (including livestock), energy, fibre and forestry crops;
• provision of infrastructure: housing, business, transport networks, renewable 
energy sources for maintenance of livelihoods and employment;
• provision and maintenance of landscape and biodiversity, which are valued as 
an aesthetic/visual heritage/culture for recreation and leisure, but also for 
research and education;
• control of floods through watershed management; and
• sink for waste and carbon.
The functions of land are therefore varied and cover a wide range of stakeholders and 
of economic, environmental and social activities. The remainder of the thesis, 
however, will focus on the biomass production (food, feed, fuel and timber crops) and 
carbon sink uses of land.
19
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Regardless of the specific land use, the underlying ecosystem functioning is limited 
by a range of hard physical, biological and chemical factors, so that the ability of 
ecosystems to provide services is not unlimited.
This chapter presents a systems approach to the analysis of the environmental 
sustainability of land use and land-use change. Particular focus is given to land and 
the carbon cycle and its implications for climate and ecosystem services and 
biodiversity. A framework that bridges life cycle impact assessment (LCIA) with 
more widely accepted concepts and terms used in Ecology and Economics is 
proposed, and the eause-effect chain of land-use interventions within that framework 
is described. In addition, the disruption of the different material and nutrient cycles is 
shown in Section 6.2.1 of Annex A. The section of this chapter where the suitability 
of applying LCA top land-use systems is assessed is partly based on (Brandao, 2008).
20
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2.2 Systems approach
Systems thinking (see Glossary in Annex D) is a particularly relevant approach for the 
analysis of complex systems and chain issues (see Box 2.1), in particular because its 
approach is holistic. This approach analyses subjects as a whole, by recognising and 
explicitly considering the interaction between system elements. These are complex 
and involve interconnections between sub-elements which, in turn, may be whole 
systems in their own right.
This holistic approach (as opposed to a reductionist one, commonly adopted by 
conventional, Newtonian and unidisciplinary science) should give a more true account 
of the subject under examination provided that it also involves the study of the related 
subjects that influence or are influenced by the subject under analysis.
For example, a football team might have great individual players, but still perform 
badly as a team (a whole entity). It is therefore of limited use to improve the 
performance of individual players if they cannot interrelate effectively. Conversely, 
an excellent team might have average players but still perform brilliantly. In this case 
the team exhibits properties as a single whole (known as “emergent properties”, see 
Glossary), which have no meaning in terms of parts of the whole (individual football 
players). Another example is an orchestra made up of excellent players. Regardless of 
how good players may be, if their different instruments are not in tune with each other 
or play to a different time rhythm (i.e. lack of synchronisation), the system will not 
make sense as a whole and the orchestra will not be good.
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Box 2.1: What is a “Systems Approach”? (Ramo and St.Clair, 1998)_______________________________
“In the systems approach, concentration is on the analysis and design o f the whole, as distinct from 
total focus on the components or the parts. The approach insists upon looking at a problem in its 
entirety, taking into account all the facets, all the intertwined parameters. It seeks to understand how 
they interact with one another and how they can be brought into proper relationship for the optimum 
solution of the problem. The systems approach relates the technology to the need, the social to the 
technological aspects. It starts by asking exactly what the problem is and what criteria should 
dominate the solution and lead to evaluating of alternative avenues. As the end result, the approach 
looks for a detailed description o f a specified combination o f people and apparatus—  with such 
concomitant assignment o f function, designated use o f materiel, and pattern o f information flow that 
the whole system represents a compatible, optimum, interconnected ensemble yielding the operating 
performance desired. “
“The systems approach is the application o f logic and common sense resting on a sound foundation. 
It is quantitative and objective. It makes possible the consideration of all needed data, requirements, 
and (often conflicting) factors that usually constitute the heart o f a complex, real -life problem. It 
recognizes the need for carefully worked out compromises, trade-offs among the competing issues 
(such as time versus cost). It provides for simulation and modelling so as to make possible the 
predicting o f performance before the entire system is brought into being. It makes feasible the 
selection o f the best approach from the many alternatives.”
22
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2.3 Land and Environment
Land use and land-use change affect the environment in a variety of ways, primarily 
through the removal of vegetative cover. This is an abrupt change that affects both the 
ecosystem functioning and the species that depend on it. Moreover, the vegetation 
removed is usually burned and the carbon contained therein will sooner or later be 
released to the atmosphere as carbon dioxide (CO2) or, worse, as methane (CH4) and 
thereby also affects the climate. In addition to land-use change, the land use per se 
(e.g. food and fuel), will lead to further environmental damage for two principal 
reasons. The first is that, during land occupation, the ecosystem will have little chance 
of supporting the levels of functions and biodiversity prior to land-use change. The 
second reason, arising from activities carried out on the land, lies in emissions of 
GHGs and other chemical species which harm the local and global environment. For 
example, the production and use of fertilisers contribute to climate change, 
eutrophication, toxicity, ozone depletion and acidification.
For hundreds of thousands of years, our species had no significant effect on the 
natural processes that govern the different cycles of energy, water and materials. 
However, during the 20^  ^ century, anthropogenic perturbations of global biospheric 
cycles “became a matter of scientific concern and an increasingly important, and 
controversial, topic of public policy debates” (Smil and Cutler, 2007). Human 
interference with the carbon and other biogeochemical cycles has gradually become 
significant. Indeed, changes during the 20*^  century were larger than the cumulative 
alterations during the preceding ten millennia since the emergence of the first settled 
agricultural societies (Diamond, 2005; Smil and Cutler, 2007).The focus in this 
chapter is on the link between land with the global carbon cycle; the link between 
land and other global cycles, including energy, water and nutrients) are described in 
Section 6.2.1 of Annex A).
2.3.1 Land and the Global Carbon Cycle
The energy from the Sun cannot be directly used by animals and most other life 
forms. Indeed only green plants and some species of bacteria are able to
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photosynthesise" ,^ i.e. they synthesise food (carbohydrates) by converting solar (light) 
energy into chemical energy which, in turn, allows for growth and maintenance of 
their fundamental physiological processes. The energy cycle (see Section 6.2.1 of 
Annex A) is therefore closely related to the carbon cycle and the budget for the former 
determines the budget for the latter. Because plants are able to use solar energy, they 
are termed primary producers or autotrophs. They are at the base of the food chain, 
meaning that most other life forms are directly or indirectly dependent upon plants, 
whose biomass is the source of food for the next trophic level: the herbivores (primary 
consumers or heterotrophs) but also to decomposers, who feed on decaying organic 
matter -  an important element in nutrient cycling for biomass production in 
(agro)ecosystems. The rate of accumulation of biomass in land is determined by two 
fundamental ecosystem processes: photosynthesis and respiration, which are at the 
base of the carbon cycle and, indeed, of life on Earth.
Carbon is distributed among four major pools: land (or biosphere), atmosphere, 
oceans and geological reservoirs. Over billions of years, carbon accumulated in the 
biosphere, oceans and geological reservoirs as both living organisms and dead 
materials. This section describes the four carbon pools and their interactions, and how 
human activities have disrupted their budget.
2.3.1.1 Carbon stocks (pools)
By far, oceans consist of the largest pool of carbon, which is estimated to contain 
more than 38,000 Gt^  of carbon (-73%).
Land contains the largest biological reservoir of carbon (Chapin et a l, 2002). Figure
2 .2  shows that terrestrial ecosystems are a significant carbon pool and play an 
important role in the global carbon budget. Terrestrial ecosystems constitute 
exchangeable stocks of carbon that are of similar magnitude to those in geological 
reservoirs (-7,000 Gt C) and around ten times larger than those in the atmosphere. 
The biosphere and fossil fuel stocks represent 12-13% each. Geological reservoirs 
have been gradually (but steadily) declining as coal and hydrocarbons are used as fuel 
sources (see Figure 2.2).
4 Photosynthesis refers to the conversion o f water and carbon dioxide into energy-rich carbohydrates 
(e.g. sucrose, glucose and starch), and oxygen by absorbing photons (see Glossay).
 ^ 1 gigatonne (Gt) = 1,000,000,000 tonnes = 1 Pg = 10^  ^gram
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Of the biosphere, soil is estimated to contain around 6,000 GtC (extrapolated from 
Watson et al. (2000), Chapin et al. (2002), Field and Raupach (2004), Tamocai et al. 
(2009) and UNESCO-SCOPE (2006)), thereby representing a major pool (90%). The 
remaining carbon is embodied in vegetation (see Figure 2.2).
The atmosphere is, in fact, the smallest pool of carbon, accounting for only -1.5% (or 
-800 GtC) of the total global carbon stock (see Figure 2.2). Carbon in the atmosphere 
is in relatively low concentrations. Indeed, 99.9% of the Earth’s atmosphere by 
volume is composed of Nitrogen (78%), Oxygen (21%) and Argon (1%) (Chapin et 
a l, 2002). Carbon dioxide is the next major gas but only accounts for less than 1% by 
mass, and 385 parts per million (ppm) by volume or 0.0385% of the Earth’s 
atmosphere.
Atmosphere
590,0
+216.3
GeologicalBiosphere
38,153.0
+141.9
6,828.06,850.0
-33.1 -325.1
LUC
Reservoir Stocks in GtC:
Biosphere = Vegetation, Soil & Detritus
Oceans = Surface, Intermediate & Deep Ocean; Marine Biota; and Surface Sediment 
Fluxes and Rate Flows in GtC perannum
(pre-industrial ‘natural’ fluxes in blue and ‘anthropogenic’ fluxes in red):
LUC = Land Use Change 
LS = Land Sink
GPP = Gross Primary Production
R = Respiration and Fires
FF&C = Fossil Fuel & Cement Emissions
Figure 2.2 The global carbon cycle in 2008 showing the major pools (boxes) and fluxes (arrows) in 
GtC and GtC yr'% respectively (adapted from Denman et al. (2007), Watson et a l  (2000) (UNESCO- 
SCOPE-UNEP, 2009; UNESCO-SCOPE, 2006)). pre-industrial ‘natural’ fluxes in black and 
‘anthropogenic’ fluxes in red.
Figure 2.1 shows the relative size of the world terrestrial biomes. Deserts are the 
larger biome, followed by tropical savannahs and permafrost. These three biomes 
occupy more than half the terrestrial land surfaee. However, it is in permafrost and 
tropical forests where most of the carbon in terrestrial ecosystems lies (see Figure 2.3
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and 2.4, and Table 2.1). Tropical, boreal and temperate forests account for one-quarter 
of the biosphere’s carbon (Figure 2.3). Wetlands and permafrost are particularly dense 
in carbon, most of which is concentrated in soil (Figure 2.5).
Carbon stocks in vegetation and soil depend on both biogeographical conditions and 
human interventions
Table 2.1 and Figure 2.3 and 2.4 show the carbon stocks in vegetation and soils of the 
different biomes. Carbon stocks in vegetation are high in forests (particularly in 
tropical forests), non-existent in permafrost, and practically negligible in croplands, 
tundra, deserts and temperate grasslands. In contrast, carbon stocks in soils are larger 
where the decay of organic matter is slow, due to cold climate or anaerobic conditions 
(i.e. scarcity of oxygen) in soil (e.g. permafrost and wetlands). Figure 2.3 and Table
2 .1  refer to the actual mix of natural and anthropogenic land use within a biome. 
Croplands refer to disturbed biomes and include land of various climatic zones. Most 
temperate forests are managed (Watson et a l, 2000) and, therefore, all of the land in 
this particular biome may be considered disturbed. The German Advisory Council on 
Global Change (WBGU) estimates that natural forests converted to commercial 
forests decrease their total carbon stock by approximately 50% (Müller-Wenk and 
Brandao, 2010).
2.3.1.2 Carbon flows (fluxes, see Glossary) and changes therein
The exchange of carbon between the different pools is inextricably linked to human 
activities and has resulted in a general increase in the atmospheric pool. Indeed, the 
human disruption of the natural carbon cycle has resulted in larger fluxes from the 
biosphere and geological reservoirs to the atmosphere, which are only partly 
compensated (and decreasingly so, according to Le Quere et al., 2009) by absorption 
in the oceans (leading to acidification) and land. Figure 2.6 shows that both carbon 
sources and sinks have increased with time. These flow changes are shown in Figure 
2 .2 , arrows in blue refer to pre-industrial “natural” fluxes whereas red arrows refer to 
anthropogenic fluxes.
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Figure 2.3 Global distribution of carbon pools in the world’s major biomes (extrapolated from Watson
et al. (2000), Chapin et al. (2002), Field and Raupach (2004), Tamocai et al. (2009) and UNESCO- 
SCOPE (2006)).
3.500
3.000
2.500
u  2,000 
5 1,500
1.000 
500
■ Soils (3 m)
■ Vegetation
Figure 2.4 Global distribution of carbon pools in vegetation and soil o f the world’s major biomes
(extrapolated from Watson et al. (2000), Chapin et al. (2002), Field and Raupach (2004), Tamocai et 
al. (2009) and UNESCO-SCOPE (2006)).
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Figure 2.5 Biome carbon density (extrapolated from Watson et al. (2000), Chapin et al. (2002), Field 
and Raupach (2004), Tamocai et al. (2009) and UNESCO-SCOPE (2006)).
Table 2.1 Carbon stocks in vegetation and soils (extrapolated from Watson et al. (2000), Chapin et al.
Biome
Area Global Carbon Stocks (Gt C)
( 10* ha) Vegetation Soils (3 m) Total
Tropical forests 1.75
340
(194)
692
(395)
1,032
(590)
Temperate forests 1.04 139(134)
262
(252)
401
(386)
Boreal forests 1.37 57(42)
150
(109)
207
(151)
Mediterranean shrublands 0.28 17
(61)
124
(443)
141
(504)
Tropical savannahs and grasslands 2.76
79
(29)
345
(125)
424
(154)
Temperate grasslands 1.5
6
(4)
172
(115)
178
(119)
Deserts 2.77
10
(4)
208
(75)
218
(79)
Arctic Tundra 0.56
2
(4)
144
(257)
146
(261)
Wetlands 0.35
15
(43)
450
(1,286)
465
(1,329)
Permafrost Z55
0
(0)
2,991
(1,173)
2,991
(1,173)
Croplands 1.35
4
(3)
248
(184)
252
(187)
TOTAL 17.83 673(38)
6,177
(346)
6,850
(384)
Note: numbers in parenthesis refer to average biome carbon stocks (t C per ha)
Despite the inevitable uncertainty inherent in analysing global complex systems such 
as the carbon cycle, it is estimated that the total historic anthropogenic carbon 
emissions to the atmosphere amount to -490 GtC, of which -166 GtC (or 34%) has 
originated from land-use changes and the remaining -325 GtC (6 6 %) from the
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combustion of fossil fuels and cement production (see Figure 2.2). Of the total historic 
anthropogenic carbon emissions, -142 GtC (29%) were absorbed by the oceans and 
-133 GtC (27%) by the biosphere, while -216 GtC (44%) still remain in the 
atmosphere.
Annual carbon fluxes between terrestrial ecosystems and the atmosphere are around 
30 times larger than the flux from fossil fuels, although these nearly balance each 
other as photosynthesis is roughly compensated by ecosystem respiration, and land- 
use changes by land sinks. Terrestrial ecosystems, therefore, act as a sink and thereby 
reduce the growth in atmospheric CO2 concentrations (Saugier et a l, 2001).
In 2008, the carbon stock in the atmosphere increased by 3.9 GtC, because the gross 
emissions resulting from the combustion of fossil fuels (8.7 GtC) were only partly 
offset by the uptake of carbon in the biosphere (3.6 GtC) and the oceans (2.3 GtC). 
The resulting increase in the atmospheric CO2 concentration to 385 ppm represents a 
level 38% above pre-industrial levels and is the highest in at least the last 2 million 
years. Its growth rate over the last decade averaged 1.9 ppm per year, which is higher 
than that of previous decades: 1.3 for 1970-1979, 1.6 for 1980-1989, and 1.5ppm for 
1990-1999 (UNESCO-SCOPE-UNEP, 2009).
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Figure 2.6 CO2 sources (negative) and sinks (positive) for all decades since 1960 and for 2008 
separately (Le Quere et a l,  2009)
The contribution of land-use change as a source of carbon emissions to the 
atmosphere is therefore substantial. Figure 2.7 shows the emissions from land-use 
change from 1850 to 2005.
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Conversely, the biosphere has also accounted for the take-up of -133 GtC from the 
atmosphere. Figure 2.2 shows that this counterbalance does not suffice in changing 
the status of the biosphere as a historic net carbon emitter (by -33 GtC), even though 
since the 1970s the biosphere is thought to have sequestered more than it has emitted 
(e.g. in 2008, 3.6 -1 .2  = 2.4 GtC yr''/.
The Industrial Revolution resulted in the large-scale use of fossil fuels and, thereby, 
opened up a large flux between the geosphere and the atmosphere. Figure 2.8 shows 
the annual carbon emissions since 1751. Coal, petroleum and natural gas account for 
most of the emissions. Figure 2.9 shows that these three fossil fuel feedstocks 
accounted for 8 8 % of global energy use in 2009, excluding biomass, geothermal, 
wind and solar power generation (BP, 2010).
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Figure 2.7 Global Annual Net Flux of Carbon to the Atmosphere from Land-use change: 1850-2005 
(Houghton, 2008)
 ^The 3.6 GtC yr'* sequestration in land in Figure 2.2 refers to the residual terrestrial sink and is 
calculated by the difference in the other measured parameters: fossil emissions minus storage in the 
atmosphere minus ocean uptake plus emissions from land-use change. It is therefore an estimate based 
on the missing carbon in order to balance its mass flows (Watson et a l ,  2000).
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Figure 2.8 Global Annual Carbon Emissions to the Atmosphere from Fossil Fuels: 1751-2008 
(extrapolated from Marland et al. (2007), (UNESCO-SCOPE-UNEP (2009) and Le Quere et al. 
(2009)).
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Figure 2.9 Global energy sources in 2009 (Mtoe and as share of total) (BP, 2010)
2.3.2 Land and Ecosystems
2.3.2.1 Changes in GPP and NPP
The cycle of carbon plays a large role in the functioning of ecosystems. The total 
amount of carbon photosynthesised by plants is referred to as Gross Primary 
Production (GPP) and can be measured in both carbon mass and energy units. 
Subtracting from that the amount of carbon lost from plant respiration (Rp) results in 
Net Primary Production (NPP). Thus, NPP = GPP -  Rp. Net Primary Production 
measures the rate at which energy or carbon is fixed in plants over a determined area 
and period, usually gC m'^  yr'\ and determines the amount of energy available for 
most other life on Earth. Thus, NPP is at the base of the food chain and consists of the
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energy from the sun that plants synthesise into organic molecules minus the energy 
that is used by the plants in their biophysical processes -  growth, maintenance and 
reproduction, including respiration. In fact, it is the only way by which consumers 
derive energy to sustain themselves. Primary producers -  or autotrophs -  are those 
organisms, mainly green plants, that photosynthesise energy from the sun (the sun 
being the main source of energy onto this planet) and from which all other animals, 
such as Homo sapiens, derive the energy (food) they need to survive as individuals 
and multiply as species.
NPP is approximately half of GPP. The total NPP produced globally is around 225 Gt 
of biomass every year, -60% of which from terrestrial ecosystem, even though they 
only occupy 30% of the global surface (Ehrlich, 1988).
Global terrestrial GPP is -120 GtC yr'^  (see Figure 2.2), of which half is transferred 
back to the atmosphere by plant respiration. Actual global NPP is estimated at -60  
GtC yr'^  but the potential vegetation in the absence of human interference is estimated 
at 65.6 GtC yr'^  (Haberl et a l, 2007). In addition to decreasing the natural NPP, 
humans appropriate the actual NPP in a variety of ways. Free NPP (fNPP) is the 
amount returned to nature after human consumption of NPP. The difference is termed 
Human Appropriation of Net Primary Production (HANPP), first coined by Vitousek 
(1986). It measures the amount of NPP that humans appropriate from ecosystems, 
and has been used as a general indicator for the human impact on the environment. In 
that study, Vitousek and co-workers (1986) quantified the extent to which human 
beings are impacting upon the global biosphere. They estimated that HANPP was 
39% of total NPP. Refinements of the term and the use of recent data provided by 
spatially-explicit (GIS-based) datasets led to the updating of these figures by Haberl 
and co-workers (2007), who state that “HANPP not only reduces the amount of 
energy available to other species, it also influences biodiversity, water flows, carbon 
flows between vegetation and atmosphere, energy flows within food webs, and the 
provision of ecosystem services” (Haberl et a l, 2007). Their calculated HANPP 
amounts to 15.6 GtC yr'^  or 23.8% of the total terrestrial NPP (Table 2.2).
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Given that we, Homo sapiens, are only one species among many - at least 5 million^ 
(Wilson, 1988) - we harvest a disproportionately high amount of ecosystem 
resources .^ We directly use all this biomass as food, feed for livestock, timber and 
firewood. However, if  we account for the indirect uses of biomass, such as that 
consumed by human-induced fires to clear forest land, the part of harvested crops that 
are not consumed, the NPP of pastures that were converted from a natural ecosystem 
and not consumed by cattle and, further, the NPP foregone as a result of the 
conversion from natural ecosystems to less productive ones (such as forests to 
farmland or pastures, natural grasslands into deserts, or wetlands into builtland), the 
global HANPP reaches almost one-quarter of the total, which seems 
disproportionately high for just one species. These appropriations of NPP are at the 
base of impacts on biodiversity, mainly due to habitat change and/or destruction.
These global environmental changes are the result of efforts to increase the global 
material wealth of our species. Paradoxically, this effort also results in the 
undermining of our future ability to benefit from “ecosystem services” which, 
ultimately, may be the exact same reason for the downfall of our species, as we are 
fundamentally interconnected and interdependent with other species and (eco)system 
elements. The most well-accepted -  and entirely anthropocentric -  justification for 
preserving ecosystems and biodiversity is the potential gain that our species may 
derive from their preservation, e.g. medicines. Less anthropocentric concerns also 
justify the safeguarding of other species (see, e.g., Arne Naess, Aldo Leopold and 
Gandhi) in a deep ecology philosophical stance that ineludes the moral obligation to 
preserve Nature due to its intrinsic value (e.g. McCauley, 2006).
Table 2.2 shows that historic land-use changes have altered the land cover of 
ecosystems and decreased global annual biomass productivity by 9.6%. Further
 ^Over nine-tenths o f the total biomass on Earth is plant life. More than 2 million species o f plant and 
animal life have been identified and classified to date, but estimates o f the actual number o f existing 
species can be up to 100 million. Despite new species appearing and others ceasing to exist on a
continual basis, the total number o f species is presently in rapid decline (Pidwimy, 2006).
 ^ This is true both on a per species basis and on a per unit mass basis. Currently the entire Earth 
contains over 68 billion metric tonnes o f biomass (life) (Wikipedia), which lives within various 
environments within the biosphere. Assuming 60-70 kg to be the global average human weight, and 
the current human population o f approximately 7 billion, the total global human biomass is 
approximately between 420 - 490 billion kg. By these calculations, the portion o f total biomass
accounted for by humans would be very roughly 0.7%.
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appropriation of biomass consisted in the harvest of 8.2 GtC yr'^  of biomass in the 
form of crops (wood timber, fuelwood, food crops, fibres, etc.) and in human induced 
fires (1.1 GtC yr'^ ). Ecosystems therefore retain 49.9 GtC yr'^  or 76.2% of the total 
biomass created. Thus, HANPP is almost one-quarter of the total potential NPP 
(NPPo). In addition, part of the biomass harvested, after human consumption, goes 
back to nature (see Table 2.2). The extent of the HANPP and its impact on ecosystems 
is further elaborated.
Table 2.2 Net primary production around the year 2000 (Haberl et a l ,  2007)
Carbon flows Total NPP Aboveground NPP
GtC yr" % G tC y r' %
Potential terrestrial NPP (NPPo) 65.51 100.0 3528 100.0
Actual terrestrial NPP (NPPact) 59.22 90.4 33.54 94.8
NPP change (ANPPlc) 6 2 9 9.6 1.84 5.2
NPP harvest (NPPh) 8.18 12.5 7.22 20.4
Human-induced fires 1.14 1.7 1.14 3.2
NPP remaining in ecosystem (NPPP 49.90 76.2 25.18 71.2
HANPP 15.60 2 ^ 8 10.20 28.8
Backflows to nature 2.46 3.7 1.50 4.2
Non-HANPP is later cycled through the soil, and is subsequently released in the form 
of CO2 as microbial (or heterotrophic) respiration. In addition, natural forest fires 
account for 4 GtC yr'^  emitted to the atmosphere. The total carbon that flows back to 
the atmosphere includes plant and animal respiration (-115 GtC yr'^ ) and forest fires 
(4 GtC yr'^ ) and totals -120 GtC yr"^  (see Figure 2.2). The carbon accumulation in the 
biosphere totals 454 gC m'^  yr'^  (Haberl et al., 2007) which, combined with the total 
global NPP of 59.22 GtC yr'\ implies the average yearly NPP production of 4.54 tC 
ha-lyr-1 and the total o f -13 Gha of land. Of the potential NPP of 502 gC m-2 yr"\ 48 
gC m'^  yr‘^  is foregone as a result of human interventions (see Table 2.3).
The changes in NPP incurred as a result of land changes are depicted in Figure 2.10 
(a) and the total human-induced changes in NPP (b). Changes in land cover seem to 
have taken place more intensively in small and specific locations in every continent, 
while HANPP seems to be more severe in India, as well as parts of central Europe, 
North America, South-East Asia and Australia.
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Figure 2.10 Changes in NPP in the world, (a) Percent changes to potential NPP induced by land use. 
(b) Percent changes to potential NPP by all human-induced activities (HANPP) (Haberl et a l ,  2007). 
ANPP means change in NPP.
The human activities that disrupt the part of the carbon cycle that concerns land are 
the different types of anthropogenic land use: agriculture, forestry, infrastructure, etc. 
These affect NPP differently (see Table 2.3).
Table2.3 Contribution of land use to HANPP (Haberl et a l ,  2007)
Land use category NPPo,
gC/m^/yr
NPPact,
gC/m^/yr
NPPh,
gC/m^/yr
NPPt,
gC/m^/yr
HANPP on 
this area,%
ANPPLC, % Contribution to 
total HANPP,%
Cropping 611 397 296 101 832 35.0 4 9 3
Grazing land 486 433 41 392 19.4 11.0 2 8 2
Forestry 720 720 48 673 6.6 0.0 10.6
Infrastructure areas 586 221 63 158 73.0 623 3.7
Wilderness 229 229 None 229 None None 0.0
Global average 502 454 63 391 22.1 9.6 92.7*
excludes fires
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Figure 2.11 HANPP in the different land uses (Haberl et a l ,  2007)
The alteration of land cover in biodiversity-rich biomes, such as those in the tropics is 
particularly concerning. The preservation of biological diversity is now recognised as 
one of the greatest challenges humanity faces, along poverty alleviation and climate 
change.
The extent/scale of land-use changes from natural ecosystems, such as forests and 
grasslands, to human ecosystems, such as croplands, has been covered in Section 
6 .1.1.2 of Annex A. Anthropogenic land use alters the natural properties of 
ecosystems (e.g. land cover, see Figure 2.12), thereby impacting upon biodiversity 
and the land's ability to supply the various ecosystem services that are essential for 
supporting all (human and non-human) life on Earth. The MA (2005) reported four 
main findings:
• “Over the past 50 years, humans have changed ecosystems more rapidly and 
extensively than in any comparable period of time in human history, largely to 
meet rapidly growing demands for food, fresh water, timber, fiber, and fuel. 
This has resulted in a substantial and largely irreversible loss in the diversity 
of life on Earth.
• The changes that have been made to ecosystems have contributed to 
substantial net gains in human well-being and economic development, but 
these gains have been achieved at growing costs in the form of the degradation 
of many ecosystem services, increased risks of nonlinear changes, and the 
exacerbation of poverty for some groups of people. These problems, unless
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addressed, will substantially diminish the benefits that future generations 
obtain from ecosystems.
The degradation of ecosystem services could grow significantly worse during 
the first half of this century and is a barrier to achieving the Millennium 
Development Goals.
The challenge of reversing the degradation of ecosystems while meeting 
increasing demands for their services can be partially met under some 
scenarios that the MA has considered, but these involve significant changes in 
policies, institutions, and practices that are not currently under way. Many 
options exist to conserve or enhance specific ecosystem services in ways that 
reduce negative trade-offs or that provide positive synergies with other 
ecosystem services.”
Figure 2.12 Illegal deforestation for soybean production in Novo Progesso, State o f Para, Brazil 2004 
(Courtesy o f GreenPeace / Alberto Cesar)
The Ecosystem Services Framework and other popular approaches are discussed 
further in Section 2.4 System tools and frameworks for assessing the sustainability o f 
land use.
2.3.3 Land and Climate
The pools and fluxes of the global carbon budget (see Figure 2.2) have been and are 
disrupted by human activities, which results in alterations in the composition of the 
atmosphere and, consequently, climate.
As described in the previous section, land and oceans remove carbon from the 
atmosphere and, therefore, “subsidise” the combustion of fossil fuels by counteracting
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by 50% its radiative-forcing effects (see Glossary and Box 2.2). Land use and land- 
use change have historically contributed almost 25% to the current radiative forcing 
or around 0.4 W m'^ , but three-quarters of the radiative forcing result from the 
combustion of fossil fuels and cement production (Forster et a l, 2007). Since 2.12 
GtC yr'^  correspond approximately to 1 ppmv (Denman et a l, 2007), it is thought that 
the concentration of carbon is increasing in the atmosphere at a rate of approximately 
2 ppmv yr'\ although the average between 1960 and 2005 is somewhat lower at 1.4 
ppmv yr'^  (Forster et a l, 2007).
Box 2.2; What is Radiative Forcing (see Glossary)? (Forster et a l ,  2007)____________________________
“The influence o f a factor that can cause climate change, such as a GHG, is often evaluated in terms o f  
its radiative forcing. Radiative forcing is a measure o f how the energy balance o f the Earth-atmosphere 
system is influenced when factors that affect climate are altered. The word radiative arises because these 
factors change the balance between incoming solar radiation and outgoing infrared radiation within the 
Earth’s atmosphere. This radiative balance controls the Earth’s surface temperature. The term forcing is 
used to indicate that Earth’s radiative balance is being pushed away from its normal state.
Radiative forcing is usually quantified as the ‘rate o f energy change per unit area o f the globe as 
measured at the top o f the atmosphere’, and is expressed in units o f ‘Watts per square metre’. When 
radiative forcing from a factor or group o f factors is evaluated as positive, the energy o f the Earth- 
atmosphere system will ultimately increase, leading to a warming o f the system. In contrast, for a 
negative radiative forcing, the energy will ultimately decrease, leading to a cooling o f the system. 
Important challenges for climate scientists are to identify all the factors that affect climate and the 
mechanisms by which they exert a forcing, to quantify the radiative forcing o f each factor and to evaluate 
the total radiative forcing from the group o f factors.”
Table 2.4 shows the increase in the concentration of GHGs since pre-industrial times. 
For 10,000 years prior to 1750, the atmospheric concentrations of CO2 had been 
relatively stable within the range 260-280 ppmv. Perturbations by humans to the 
carbon cycle were insignificant relative to natural variability (Forster et a l, 2007). 
However, since then CO2 concentrations in the atmosphere have increased steadily by 
more than one-third and continue to rise at increasing rates, as emissions increase and 
sinks decrease (Le Quere et a l, 2009). This has resulted from burning of fossil fuels 
and cement production, but also from land use and land-use changes, particularly 
deforestation. CO2 emissions from human activities are considered “the single largest 
anthropogenic factor contributing to climate change” (Forster et a l, 2007).
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Table 2.4 Properties o f some GHGs, adapted from Forster et al., (2007) and UNESCO-SCOPE-UNEP
Common name Chemicalformula
Lifetime
(years)
Atmospheric concentration 
(ppmv)
Radiative 
efficiency 
(W m'^  ppmv" )^
Radiative
forcing
(W m'2)Pre-industrial Current
Carbon Dioxide CO2 278 385 (38%) 0.014 1.69
Methane CH4 12 0.715 1.774 (148%) 0.37 0.48
Nitrous Oxide N2O 114 0.270 0.319(18%) 3.03 0.16
The concentrations of the other GHGs are also significant. Methane concentrations 
are 150% higher than any time in the last 650,000 years (Forster et a l, 2007). These 
dramatic and unprecedented rates of changes in the concentration of GHGs may have 
equally dramatic and unprecedented changes in our climate system. The IPCC report 
(Forster et a l, 2007) points out that changes in the atmospheric concentration of CO2 
had never exceeded 30 ppmv in 1,000 years. A similar increase has taken place in the 
last 17 years!
The 2007 Fourth Assessment Report (FAR) of the Intergovernmental Panel on 
Climate Change (IPCC) justified radiative forcing with the increase of atmospheric 
CO2 concentration (Denman et a l, 2007; Forster et a l, 2007). Indeed, estimates for 
2005 suggest that CO2 in that year was responsible for 63% (1 .6 6  W m' )^ of the total 
gross radiative forcing caused by anthropogenic emissions^ (Forster et a l, 2007). 
However, CO2 has a relatively low radiative forcing per tonne emitted (see Table 2.4). 
The importance of carbon in climate change is therefore due to the sheer amount that 
is emitted (see Figure 2.2).
 ^The other long-lived GHGs, methane (CH4), nitrous oxide (N2O) and halocarbons contribute in the 
order o f 18%, 6% and 13%, respectively (Forster et a l ,  2007). The net combined mean global 
anthropogenic radiative forcing is 1.6 W m' .^
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2.4 System tools and frameworks for assessing the sustainability of land use
This section reviews existing tools and frameworks for assessing the sustainability of 
land use, and attempts at harmonising these.
Until recently, there has been no recognition in economic models and subsequent 
decision making of the value of biodiversity and ecosystems, not even of their 
functional values. As these externalities are not refleeted in market prices, activities 
that burden ecosystem services are overdone in a suboptimal manner.
Recently, neoclassical economists (see Glossary) have realised the importance that 
biological diversity plays in the provision and maintenance of “ecosystem services”. 
Their (purely instrumental) approach is that ecosystems are valuable because we can 
get something out of them: raw materials, waste sink, recreation, etc. Because 
biodiversity impacts do not feature in the prices of economic transactions, they are 
regarded as “externalities” by neoclassical environmental economists, who try to 
value it, in order to achieve an “optimum” level of the actions that burden it. In doing 
so, biodiversity is accounted for by the use of Cost-Benefit Analysis, Contingent 
Valuation (Willingness to Pay or Accept), etc, but in a market-, utility- and economic- 
growth-oriented framework which, under pure economic logic, may actually lead to 
the exhaustion of natural resources and the destruction of ecosystems. Furthermore, 
since willingness to pay is income dependent, its use will give greater weight to the 
preferences of the rich -  ‘the poor sell cheap’ (Guha and Martinez-Alier, 1997), 
leaving the poor underrepresented:
The neoclassical logic obeys concepts that are somewhat alien to natural scientists, 
such as discounting, interest rates, and monetisation, in a weak-sustainability 
framework (see Glossary). Little attention is paid to uncertainty and reversibility. 
Indeed, natural systems are complex and dynamic, which makes it difficult for 
economic models to capture this reality. This raises the question of the relevance of 
economic models for decision-making.
Neoclassical economists value environmental externalities (e.g. biodiversity impacts) 
in order to have a common denominator, enabling the trade-off between the different
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forms of capital. The value of biodiversity and ecosystem services is high °^ but a 
specific quantitative figure for it would give the false impression that not only their 
value is commensurable but also that the estimation is to a degree precise or accurate. 
However, it can be made the former but never the latter, which makes the entire 
exercise somewhat futile.
It is not known exactly the rate at which species are being lost but a feeling of 
urgency is creeping up in policy-making circles. Ecosystems, like tropical forests, are 
given special importance by policy-makers, who recognise their role in sustaining 
local livelihoods but also in stabilising the global climate system and in supporting a 
high abundance of species to which they provides habitat.
Several assessments of land use activities exist, but most do not adopt a holistic 
approach. To determine the impacts in the most meaningful way, a systems approach 
is required. By avoiding reductionism, a systems approach gives a much more 
complete picture of the subject under study and of the implications associated with a 
decision. Because different land uses yield different functions, a simple comparison of 
land uses that excludes consideration of function has limited meaning. For example, 
land is used for the production of both food and energy. Even if it is assumed that a 
particular energy land use has a lower environmental impact than a food land use, this 
does not lead to the logical conclusion that the energy land use is preferable because 
these two land uses produce different products that do not substitute each other. They 
perform, in fact, different functions. The boundaries of the system under study, 
therefore, have to be expanded so as to include the dynamics of all affected elements 
-  a consequential systems approach that includes substitution effects.
Different methods have been developed for quantifying the environmental 
performance of products, services and systems. One of the most popular. Ecological 
Footprinting, was first developed by William Rees and Mathis Wackemagel in the 
early 1990s and is used for calculating the amount of land required to produce a 
society’s resources (including energy) and to dispose of its wastes (Rees, 1992; 
Wackemagel, 1994; Wackemagel and Rees, 1996). Its scope does not consider all of
Costanza and co-workers (1997) estimated the economic value o f the entire biosphere to be in the 
range o f US$16-54 trillion per year, with an average o f US$33 trillion per year. This value represents 
almost the double of the global gross national product (which, at the time, was around US$18 trillion 
per year).
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the product chain, from material extraction to waste disposal, nor all possible impacts. 
Instead, it aggregates all impact categories into one: land area. Despite the ease of 
illustration that this method presents, it is a rather simplistic way of assessing or 
comparing complex systems (Risk & Policy Analysts Ltd, 2007).
Typically, environmental studies on agriculture have focused on isolated concerns, 
e.g. ‘food miles’, and the use of fertilisers and pesticides and their links with human 
health. However, wider issues sueh as scarcity of productive resources (land, water, 
nutrients) and their allocation to competing ends (e.g. food, energy) deserves 
attention.
If ecological footprinting is a limited tool for assessing the environmental impact of 
food systems, the same can be said about the inverse relationship assumed between 
food miles and environmental sustainability, which is a very limited indicator. Life 
Cycle Assessment (LCA), in contrast, provides a much more complex, objective, 
systematic and comprehensive method. However, the same characteristics that make 
it a scientifically robust method make it a poorly understood tool to decision-makers 
who usually are confi*onted with a multitude of trade-offs. Furthermore, only recently 
LCA methodology has not been sufficiently developed for the consideration of the 
consequential impacts of land use. Hence, the contribution of this thesis is to address 
this limitation.
2.4.1 LCA -  an overview
LCA is a tool to evaluate the environmental burdens associated with a product, 
process or activity by:
• identifying and quantifying energy and materials used and emissions released 
to the environment;
• assessing the impact of those energy and material uses and releases to the 
environment; and
• identifying and evaluating opportunities to effect environmental 
improvements.
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The assessment includes the entire life-cycle of a product, process, or activity, 
encompassing extracting and processing raw materials; manufacturing, transportation 
and distribution; use, re-use, maintenance; recycling, and final disposal.
There are four sequential phases when performing an LCA (ISO, 2006a, see 
Glossary):
1. Goal and Scope definition , where the purpose and scope of the study, as well
as data quality goals, system boundaries and functional unit are defined;
2. Life Cycle Inventory Analysis (ICI), whereby environmental burdens are
quantified and expressed per functional unit;
3. Life Cycle Impact Assessment (LCIA)“translates” the burdens into one or more
environmental impact categories. It includes classification, characterisation, 
normalisation and valuation, the last two being optional; and
4. Life Cycle Interpretation, which identifies the major burdens and impacts, as
well as the ‘hot spots’ in the life cycle, and forwards recommendations.
Life cycle assessm ent framework
Goal and scope 
defnition
Direct applications:
- Product dévàlûprnafit 
and improvement
-Strategic panning
-  Public policy m aking
- Marketing
-  O ther
Impact
assessment
Figure 2.13 Stages of an LCA (ISO, 2006b)
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LCA, therefore, is a systems analysis tool that provides information on the full 
environmental effects of a product, service or system from its cradle (extraction of 
raw materials) to its grave (waste management). It gathers information on all the 
inputs to and outputs from a product system including releases to the environment, 
and assesses the potential environmental impacts associated with these inputs and 
outputs. Further information on this method can be found in the standards developed 
by the International Organisation for Standardisation - ISO series 14040 and 14044 
(1998; 2006c), in the technical guidance documents developed by the European 
Commission (International Reference Life Cycle Data System -  ILCD handbook), or 
in Baumann and Tillman (2004), Rebitzer et a l (2004), Pennington et a l (2004).
LCA differs from other conventional approaches to assessing the environmental 
impact of a product, not only by including a comprehensive range of impacts but also 
by including all stages of that product’s life cycle, i.e., from the extraction of the 
natural resources used in its production, to its disposal at the end of its life cycle. In 
this framework, therefore, the environmental impact of a product or service is 
analysed through a systems approach or the so-called ‘cradle-to-grave’ perspective, 
whereas the focus of conventional approaches has been on production/manufacture or 
any other individual stage. This extension of the system to include all stages is 
depicted in Figure 2.14.
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Figure 2.14 Life Cycle Assessment (Hodgson et al. (1997) in Cowell (1998).
Cowell (1998) points out that this way of seeing the whole picture, rather than a 
single stage brings the following advantages:
• easier identification of “hot spots” and, hence, improved environmental 
management;
• easier understanding of impacts on a particular life-cycle stage when another 
stage is changed, giving some indication of possible trade-offs; and
• easier comparison between alternative systems and their trade-offs.
In general, one can say that the LCA’s strengths are also its limitations. This is 
because LCA is a very comprehensive tool, which assesses the environmental load of 
a product in several different categories and across the whole life cycle. This very 
ambitious tool therefore requires a very considerable amount of supporting data on 
upstream and downstream processes, as well as of their potential impacts. 
Furthermore, many of these processes do not exist solely for the product under 
assessment. Dividing environmental loads among the different products may 
sometimes be arbitrary and is commonly regarded as a methodological issue in LCA.
Another limitation of LCA is that it is a linear and usually non-dynamic model. In 
addition, uncertainty is often neglected. This relates to data quality and quantity, 
system boundaries, allocation and impact assessment methods, among others.
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The speed with which protocols have developed to regulate this methodology proves 
its dynamic, and perhaps infant, existence. The International Organisation for 
Standardisation (ISO) has developed recognised standards that govern LCA: the 
14040 and 14044 series (ISO, 2006c, 2006d). However, as with any methodology, 
there are limitations in LCA and these have previously been documented (e.g. Ayres, 
1995; Reap et a l, 2008), which highlights the need for further methodological 
developments. Chapter III is devoted to solving some of these methodological issues.
2.4.2 Application of LCA to land-use systems
It is widely recognised that LCA methodology, developed primarily for industrial 
systems, cannot be applied to agriculture without methodological developments 
(Cowell, 1998; Mila i Canals, 2003; van der Werf and Petit, 2002). The issues that 
need attention include: functional unit, system boundaries, reference scenario, 
allocation, land-use impacts on ecosystems (including climate, soil, water and 
biodiversity) and bio-regional differentiation, among others (e.g. Brandao, 2008; 
Koellner et a l, 2008). Therefore, the scope of this section is to review the suitability 
and limitations of the LCA methodology when applied to land-use systems. This 
includes the identification of some methodological issues and, where necessary, the 
proposal of possible methodological improvements. Methods for tackling some of 
these issues are proposed in Chapter III and applied in Chapter IV.
As with any system, land-use systems, such as agriculture, process inputs into 
outputs. Figure 2.15 shows the inputs and outputs of an agricultural system.
Agricultural systems differ from industrial systems in several ways (see Table 2.5). 
Although LCA has been originally and primarily applied to industrial systems, its role 
for assessing other systems, such as agriculture, and in comparing different 
agricultural production systems is increasingly recognised and applied. However, 
relatively more effort has been directed towards methodological developments in the 
assessment of industrial systems than of agriculture systems (see Table 2.5). 
Nonetheless, this relatively new LCA area presents considerable potential for the 
assessment of land-use systems as the method provides scientific information at the 
whole chain/system level. This requires new methodological developments (Cowell, 
1998).
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Table 2.6 outlines the main events in the development of LCA for agricultural 
systems. The issues of particular specificity to agricultural systems include crop 
rotations, location of production, and crop/livestock interactions on the inventory 
side, and biodiversity, soil and ecosystems on the impact assessment side (Cowell, 
1998).
Manufactured inputs 
Fertiliser 
Concentrate feeds 
- Machinery
Functional units
I ha land
I I wheat
1 kg bread 
1 MJ energy/food
Natural resources
- Fossil energy 
Land 
Water 
Manure
- Animals
Land Use System
THE ENVIRONMENT
Emission & wastes
- NO3 
N2O
- CH4 
NH3
Figure 2.15 Land use system
Table 2.5 Main characteristics o f industrial and agricultural systems. (Mila i Canals, 2003)
Characteristic Industrial Systems Agricultural Systems
Dependency on location
Highly independent, (except in the 
boundaries with nature: raw materials 
extraction and waste disposal
Highly dependent (except for 
energy and infrastructure, e.g. 
machinery and glasshouses)
System boundaries Clearly defined Unclear
Main source of impacts
Energy and materials consumption Land use, energy and materials 
consumption, and field emissions
Degree of knowledge
High (simple and pre-designed 
processes)
Relatively low (complex, natural 
processes)
Functionality One or few functions Multifunctional
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Table 2.6: Main events in the development o f agricultural LCA (Expanded from Mila i Canals 2003)
Year Event
1993 First expert seminar on Agricultural LCA
1995-1997 Concerted Action o f the EC on Harmonisation o f Environmental LCA for Agriculture
1996 International Conference on Application o f Life Cycle Assessment in Agriculture, 
Food and non-Food Agro-Industry and Forestry, in Brussels, Belgium
1997 Publication o f the results o f the concerted action
1997-1999 LCAnet-Food Project
1998 First doctoral theses on LCA in agriculture by Cowell and Andersson
2000 Publication o f the results o f the Invitational Seminar on LCA o f Food Products 
(Weidema and Meeusen)
2001 3”^^  International Conference on LCA in Foods, in Gothenburg, Sweden
2002 Life Cycle Initiative launched by UNEP and SET AC
2003 4*** International Conference on LCA in the Agri-Food sector, in Bygholm, Denmark 
(Halberg, 2004)
2005 International Conference on Innovation by Life Cycle Management, in Barcelona, 
Spain
2005 Stakeholder Workshop “Environmental Burdens and Resource Use in the Production 
o f Agricultural and Horticultural Commodities in Britain”, in Silsoe, UK
2007 5*^  International Conference on LCA in Foods, in Gothenburg, Sweden
2007 Conference-workshop in Denmark
2008 Measuring “green” - does LCA make sense for food? London, UK.
2008 6* International Conference on LCA in the Agri-Food Sector, in Zurich, Switzerland
2010 Scientific Workshop “Towards the road map for the methodology to assess the 
environmental performance o f food and drink supply chains” in Ispra, Italy
2010 7‘^  International Conference on LCA in the Agri-Food Sector, in Bari, Italy
2.4.3 The LCIA Framework
In LCA, endpoints and their classification into Areas of Protection (AoPs, also known 
as safeguard subjects) have been subject to much debate (e.g. Bare and Gloria, 2008; 
Jolliet et a l, 2004; Udo de Haes and Lindeijer, 2002; Weidema and Lindeijer, 2001; 
Weidema, 2006) and it is not the intention of the author to reopen this debate. 
However, the similarities between the approach commonly adopted in LCA and a 
range of different - and more well-established -  approaches is startling, especially for 
the disharmony they entail. Despite the justification that these approaches have been 
developed separately, there is no reason for fundamentally similar approaches to be 
kept separate. For the sake of simplicity and clarity across disciplines, the author 
argues that these approaches can be harmonised without losing substantial meaning.
LCIA includes objects of intrinsic^  ^ value as endpoints, and therefore a purely 
instrumental^  ^AoP would not suffice. Moreover, there in increasing interest in using
These are also as existence value, inherent value, or non-use value.
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the LCA framework as a sustainability assessment tool that includes economic and 
social impacts (e.g. Andrews et ah, 2009; Finkbeiner et a l, 2010; Kloepffer, 2008; 
Weidema, 2006) despite its main focus being hitherto on environmental impacts. This 
is reflected by the widely adopted AoPs Human Health, Natural Resources, Natural 
Environment, and Man-Made Environment^^, after Udo de Haes and co-workers (Udo 
de Haes et a l, 2002; Udo de Haes and Lindeijer, 2002; Udo de Haes et a l, 1999a; 
Udo de Haes et a l, 1999b), despite dissenting opinions (e.g. Hertwich, 2002; 
Weidema, 2006). These AoP are underlined by societal values (Udo de Haes et a l, 
2002): Human Health refers to both intrinsic and economic values of human life. The 
AoP Natural Environment refers to the intrinsic value of nature (ecosystems, species) 
but also to the economic value of Life-Support Functions (LSFs)^ '^ . Natural Resources 
also refer to both economic and intrinsic values, and Manmade Environment to 
cultural, economic and intrinsic values. It is clear that each AoP reflects both intrinsic 
and instrumental values.
Attempts to reach at a single-score result, as in Cost-Benefit Analysis, have been 
made (e.g. Weidema, 2009), but aggregation within and across different dimensions 
of sustainability is both unnecessary and undesirable (e.g. Clift, 2003) and is not 
based on science, despite its appeal for simplicity. The ISO standards (2006c) state 
that “there is no scientific basis for reducing LCA results to a single overall score or 
number, since weighting requires value choices.” For that reason, LCAs typically stop 
at the midpoint level; for example, climate change, which is expressed in physical 
units (CO2 equivalents). However, if endpoints are to be used, it seems logical that 
their overlap is at least minimal and that the terms adopted are recognised in other 
disciplines. This is, at the moment, not the case.
In spite of its solid foundations in engineering and environmental science, the 
conceptual framework of LCA has been developed largely independently from other 
disciplines. This has given rise to the establishment of frameworks and terminology 
that are unique to LCA but are not prominent outside this field. Indeed, different 
terminology and frameworks that are used across environmental and economic
These are also known as use value, economic value, functional value or operational value.
Not many people in the LCA community actually adopt Man-Made Environment.
LSFs refer to the total o f provisioning and regulating mechanisms in the environment that support 
life on earth.
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disciplines have been developed in parallel, which may cause confusion and 
competition between approaches that are essentially similar. To avoid this, the author 
believes that there is scope to reconcile and harmonise the LCA framework with other 
different frameworks and schools of thought and concepts that are more popular and 
well established. These include the Ecosystem Services Framework (ESF) 
(Millennium Ecosystem Assessment, 2005), the Five Capitals Framework (FCF) 
(Forum for the Future, 2000; Porritt, 2007) and, more generally, the Sustainable 
Development (SD) (social, environment/biophysics and economic) and triple-bottom 
line (people, planet, profit) terminologies (WCED, 1987).
Particularly, LCIA could benefit from the insights gained in Ecological Economics 
and Environmental and Resource Economics (see Glossary), in addition to the 
framework developed by the Millennium Ecosystem Assessment (MEA) (Millennium 
Ecosystem Assessment, 2005). At a more general level, the three dimensions of 
sustainable development - economic, environmental or biophysical, and social 
sustainability (see Chapter I) - are terms that can be easily included explicitly in 
LCIA.
LCIA refers to the “phase of life cycle assessment aimed at understanding and 
evaluating the magnitude and significance of the potential environmental impacts of a 
product system” (ISO, 2006d). The purpose of this phase, therefore, is to give 
meaning to the life cycle inventory results by grouping their environmental impact 
into the appropriate AoPs, which consist of different impact categories, according to 
the impact pathway (or environmental mechanism) in the cause-effect chain. The 
procedure involves the selection and classification of impact categories, the 
characterisation of emissions or resources used, and the two optional steps of 
normalisation and weighting. This section focuses on classification and 
characterisation, and does not address normalisation and weighting.
2.4.4 The Sustainable Development (SDF) Framework
One concept common to all the interpretations that arose from the definition of 
Sustainable Development since it was first coined in the Brundtland Report (WCED, 
1987) is that future generations, relative to their population size, should have no less
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of the means to be able to meet their needs than the current generation (e.g. Dasgupta, 
2008).
Three spheres of sustainability are distinguished: Environment, Economy and Society. 
The intersection of these three dimensions is the sustainable area (see Chapter I).
2.4.5 The Five Capitals (FCF) Frameworks
From the common interpretation identified above, the instrumental, hard systems 
approach^  ^to sustainable development requires that the per capita resource base upon 
which future generations can meet their needs does not decrease. Different forms of 
capital are required for people to meet their needs. This “ability”, in economic terms, 
refers to the transformation of factors of production (loosely referred to here as capital 
resources) into wealth.
It is useful to distinguish the different forms of capital, as termed by Porritt (2007): 
natural, human, social, manufactured and financial (see Figure 2.16 and the text that 
follows). The resemblances are clear between these forms of capital and the popular 
three pillars of sustainability: social, environmental and economic, which also 
coincide with the terminology used in triple bottom line assessments (People, Planet, 
Profit). It is also relevant to note that, in the five capitals framework, the capitals 
identified are not purely of instrumental value -  and they therefore present an 
appropriate framework within which particular endpoints of intrinsic value can be 
identified.
The author focuses on biophysical sustainability and purposefully omits social sustainability, which 
refers not only to the intra- and inter-generational equality o f resource distribution but also to notions, 
such as happiness and justice, that are more difficult to measure.
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Figure 2.16 The Five Capitals model (Forum for the Future, 2000)
The Five Capitals (Adapted from Forum for the Future, 2000; Porritt, 2007):
1. Natural capital (also referred to as environmental or ecological capital) is any 
stock or flow of energy and matter that yields goods and services. It falls into 
several categories: resources, some of which are renewable (timber, grain, fish 
and water), whilst others are not (fossil fuels); sinks which absorb, neutralise 
or recycle waste (e.g. forests, oceans); and processes / services, such as 
climate regulation and the carbon cycle. Natural capital is the basis not only of 
production but of life itself.
2. Human capital consists of health, knowledge, skills, and motivation (all of 
which are required for productive work), as well as an individual’s emotional 
and spiritual capacities, including intellectual outputs.
3. Social capital takes the form of structures, institutions, networks and 
relationships which enable individuals to maintain and develop their human 
capital in partnership with others, and to be more productive when working 
together than in isolation. It includes families, communities, businesses, trade 
unions, schools and voluntary organisations, legal/political systems and 
educational and health bodies, as well as communication channels, social 
norms, values and trust.
4. Manufactured capital comprises material goods -  tools, machines, buildings 
and other forms of infrastructure (transport networks, communications, waste
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disposal systems) - which contribute to the process of production or service 
provision, but do not become embodied in its output.
5. Financial capital refers to assets that exist in a form of currency (shares, bonds, 
banknotes and coin) and reflects the productive power of the other types of 
capital, enabling them to be owned and traded. However, unlike the other 
types, it has no intrinsic value; its value is purely representative of natural, 
human, social or manufactured capital.
2.4.6 The Ecosystem Services Framework
The potential of land for biomass production, for example, is something that is widely 
recognised as worth preserving by societies for future generations (i.e. it is an 
endpoint). Indeed, the biological productivity of land, which sustains crop yields, is 
one aspect included in the AoP Natural Resources. This represents one of several 
functions that ecosystems perform. In addition to biotic production, soil quality refers 
to the ability of the soil to function (Karlen et a l, 1997), i.e. the ability to perform the 
following life support functions (LSF) (Mila i Canals, 2003; Teller et a l, 1995; Van- 
Camp et a l, 2004), also known as ecosystem services (ES):
1. Production and sustenance of biomass (food, feed, fodder, wood, fibre, energy, 
medicines, ornamentals) by agriculture, forestry, horticulture, through 
provision of water, nutrients, air and a stable physical support place for plants 
to fix their roots.
2. Storage, mechanical filtering, buffering and transformation capacity. Soil 
adsorbs, precipitates, decomposes or transforms minerals (inorganic 
compounds), organic matter (organic compounds), water, energy, radioactive 
compounds and chemical substances, enabling soils to cope with harmful 
substances. By doing so, they prevent these substances from reaching 
groundwater or the food-chain.
3. Biological habitat and gene reserve. Soil is the habitat and provides protection 
to an array of flora, fauna and other organisms and soil-specific micro­
organisms.
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In addition to the above environmental/ecological functions, the following socio­
economic functions are also performed (strictly, these lie outside the scope of 
environmental LCAs):
4. Spatial base for built environment. Land allows human settlements (industrial 
premises, housing, transport, other infrastructure, recreation, etc.) and waste 
disposal to take place by providing support through ground area.
5. Source of raw materials, energy and water. Land provides oil, coal, clay, 
sands, gravel and other minerals, peat and water.
6 . Cultural heritage. Land is the platform for human activity and is an essential 
element of landscape and cultural heritage and of its protection and 
preservation. It is also a source of paleontological and archaeological 
evidence, relevant for the understanding of the nature and evolution of earth 
and mankind.
Ecosystems, therefore, provide Mankind with a variety of goods and services that are 
essential for our survival as a species. These are collectively known as ecosystem 
services and include the provision of food, fibre and energy; the regulating and 
supporting of processes (air, water and nutrient cycles; climate; erosion; pests and 
diseases; pollination; soil formation; photosynthesis); and, even, provision of non­
material services, such as cultural diversity and spiritual and religious values 
(Millennium Ecosystem Assessment, 2005). These services are provided by all types 
of ecosystems; the focus here, however, is on terrestrial ecosystems which are 
significantly affected by the different anthropogenic uses of land. Ecosystem services 
are subject to different definitions (Boyd and Banzhaf, 2007) and their value varies 
from being purely instrumental to being purely intrinsic. The definition provided by 
the Millennium Ecosystem Assessment (2005) is ambiguous insofar as it claims to be 
instrumental (valued for their link to human well-being), but considers indirect 
ecosystem services, such as the supporting and regulating ecosystem services (see 
Section 6.1.5 in Annex A) that affect all forms of life and are therefore not solely 
anthropocentric. Because land is in limited spatial supply, competition exists between 
and within each of these functions.
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The Millennium Ecosystem Assessment (MA) (MA, 2005) recognised a wide range 
of economic products and environmental services that are derived from ecosystems 
and that affect human well-being (Figure 2.17 and Section 6.1.5 in Annex A). The 
MA classifies the different ecosystem services into four groups: provisioning, 
regulating, cultural and supporting services (Box 6.2 in Annex A):
1. Provisioning services refer to the following ecosystem products: food, fibre, 
fiiel, genetic resources, ornamental resources and fresh water. These services 
are covered to some extent in the midpoint impact category Biotic Production 
Potential (Mila i Canals et a l, 2007).
2. Regulating services are the benefits obtained from the regulation of ecosystem 
processes, including air quality regulation, climate regulation, water 
regulation, erosion regulation, water purification and waste treatment, disease 
regulation, pest regulation, pollination, and natural hazard regulation. 
Ecological Soil Quality (Mila i Canals et a l, 2007) includes most of these 
services, with the exception of the latter four. Indeed, pest, disease and natural 
hazard regulation are excluded, and pollination is part of Biotic Production 
Potential (Mila i Canals et a l, 2007).
3. Cultural services refer to the non-material services provided by ecosystems, 
such as cultural diversity, spiritual and religious values, knowledge systems, 
educational values, inspiration, aesthetic values, social relations, sense of 
place, cultural heritage values, and recreation and ecotourism. As these clearly 
relate to social aspects, they have commonly been excluded from 
environmental LCAs, despite its relation to the Man-Made Environment AoP 
and its indirect economic value (through tourism).
4. Supporting services are necessary for all the other ecosystem services and 
therefore only affect humans in an indirect way. These include soil formation, 
photosynthesis, primary production, nutrient cycling, and water cycling. They 
have been included in Ecological Soil Quality (Mila i Canals et a l, 2007).
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Figure 2.17 Linkages between ecosystem services and human well-being (MA, 2005)
2.4.7 Reconciling approaches
2.4.7.1 Midpoint level
For the benefit of harmonising that framework with the framework developed by the 
MA (2005), ecological soil quality can be said to be associated with the supporting 
and regulating types of ecosystem services, whereas BPP is associated with 
provisioning services Supporting and regulating services include filter and buffer 
capacity, substance cycling (such as carbon, other nutrients and water), and climate 
regulation.
Because several impact categories that relate to land use activities are already well 
established in LCA -  such as resource depletion, eutrophication, acidification, and 
toxicity -  this section relates primarily to the physical impacts of land use and not to 
those impacting on other categories.
The impact pathways or cause-effect chain of land-use impacts has previously been 
described (e.g. Hauschild et a l, 2010; Milà i Canals et a l, 2007; Weidema and
BPP is also referred to as biological/biomass/ecosystem productivity potential. It is a life support 
function that is included in the Ecosystem Services Framework as a provisioning ecosystem service -  
food, fibre, fuel, genetic resources, biochemicals, natural medicines and pharmaceuticals, ornamental 
resources and fresh water.
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Lindeijer, 2001). Land use is not a new topic as it has been subject to much debate in 
the LCA community for the last decade or so, leading to the creation of working 
groups on Impact Assessment on natural resources and land use, and subsequently 
addressed within the Life Cycle Initiative. The attempts to include the impact of land 
use activities in LCA have resulted in a harmonised framework achieved in the first 
phase of the UNEP-SETAC Life Cycle Initiative Programme on LCIA. As an 
outcome of this work, key elements in a framework for land use impact assessment 
were identified, including two main damages affected by land use: biodiversity and 
soil quality. Damages to biodiversity refer to damages to its intrinsic value. Damage 
to soil quality is further divided in two impact pathways: biotic production potential 
(BPP, including soil fertility and the instrumental value of biodiversity), and 
ecological soil quality (ESQ) (including all other life support functions^ )^. Impacts on 
biodiversity and ESQ are considered as damages to the AoP Natural Environment 
(although the instrumental value of biodiversity is also linked to Natural Resources), 
whereas impacts on BPP^  ^ are regarded as damages to the AoP Natural Resources 
(Milà i Canals et a l, 2007).
IA.1.1 Endpoint level
Despite the recent endeavours in the field of LCA in including land-use impacts in 
terms of the ability of ecosystems to perform life-support functions, the Ecosystem 
Services Framework (MA, 2005) has never explicitly been articulated by the LCA 
community (as far as the author is aware), with the exception of a UNEP/SETAC Life 
Cycle Initiativeproject that started in May 2008, and of which the author is part. No 
attempt has been made at harmonising the different terms.
Given the significance of the services identified above provided by terrestrial 
ecosystems, it is important that environmental assessments of economic products 
include their impacts on the ability of terrestrial ecosystems to provide those services. 
Environmental LCAs have largely ignored this issue and first attempts to include 
land-use impacts in LCA are due to many authors (e.g. Baitz et a l, 1999; Cowell,
E.g. “filter and buffer capacity, water, carbon and nutrient cycling 
Includes pollination and biological pest control
19 The project title is “Operational Characterization Factors for Land-use impacts on Biodiversity and 
Ecosystem Services in the Life-Cycle Impact Assessment”. It is part o f the Phase 2 o f the Life Cycle 
Initiative.
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1998; Cowell and Clift, 2000; Lindeijer, 2000a, 2000b; Lindeijer et a l, 2002; 
Lindeijer, 1998; Milà i Canals, 2003; Schenck, 2001; Weidema and Lindeijer, 2001), 
even though all these approaches considered only some of the aspects and impacts of 
land use.
It is possible to relate the Provisioning ES (food, ftiel, wood, fibre, etc) with the AoP 
Natural Resources', Supporting and Regulating ES with AoP Natural Environment 
and Cultural ES with AoP Man-made Environment. The strength of the linkages 
between ecosystem services and human well-being is illustrated by the thickness of 
the arrows in Figure 2.17.
Figure 2.18 shows where the three frameworks (ESF, FCF and LCIA AoPs) are 
located within a larger sustainability framework. All ES are in the Environment 
sphere because they are provided by Nature but all overlap with one of the other two 
spheres. These (particularly Provisioning, but also Regulating and Supporting ES) are 
also closely related to Natural Capital (5) and Natural Resources (11). Provisioning 
ES (1) are part of both Economy and Environment. They are more part of the 
Economy than the Environment because they relate to products with instrumental 
values, mainly those raw materials to be used in economic processes that are later 
consumed by humans. Regulating ES (2) are part of both Economy and Environment. 
They are more part of the Environment than the Economy because they relate to those 
fundamental services that indirectly affect all other ES and Nature (all other non­
human species) as a whole. Cultural ES (3) are at the intersection of the Environment 
and Society spheres because they pertain to both. Supporting Ecosystem Services (4) 
(also known as Life Support Functions) are at the centre of the figure because they 
affect all Environment, Economy and Society.
All Five Capitals are in the Economy sphere because they refer largely to the 
economic productive potential of the different resources but some overlap with the 
other two spheres. Natural Capital (5) is basically the same as Natural Resources (11) 
and they clearly overlap with the Environment as its producer. Human Capital (6 ) is 
close to Human Health (10) and belongs to both Economy and Society spheres 
because this relates not only to the productive aspect of human health, but also to its 
intrinsic value for Social Welfare. The same can be said for Social Capital (7), with
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the difference that it is further from Economy and closer to Society because it relates 
to the institutions and structures that enables economic production, but also social 
well-being (see Section 2.4.4 and Figure 2.18). Manufactured Capital (8 ) is essentially 
the same as Man-made Environment (13) as these refer to those productive resources 
that are wholly or partly man-made but can also include hybrid versions, such as 
agricultural landscapes. Finally, Financial Capital (9), within the Economy sphere, 
merely reflects the productive potential of the other types of capital and is used as a 
currency of trade between them.
Environment
1. Provisioning Ecosystem Services
2. Regulating Ecosystem Services
3. Cultural Ecosystem Services
4. Supporting Ecosystem Services
5. Natural Capital
6. Human Capital
7. Social Capital
8. Manufactured Capital
9. Financial Capital
10. Human Health
11. Natural Resources
12. Natural Environment
13. M an-made Environment
Economy Society
Figure 2.18 Relationship between the different areas of protection commonly adopted in LCA and 
other popular frameworks in Economics, Ecology and Sustainability (Jolliet et ah, 2004; Udo de Haes 
and Lindeijer, 2002; Weidema, 2006).
All AoPs commonly adopted in LCA studies are in the Economy sphere because all 
have been defined as having -  at least partly -  an instrumental value. Human Health 
(10), at the edge of the Economy sphere, is closer to Society than Human Capital (6 ), 
which, conversely, is closer to Eeonomy for the reasons identified above. Natural 
Resources (11) are basically the same as Natural Capital (5), even though the 
definition of Natural Capital is not exclusively instrumental and also refers to services 
(in addition to materials). Natural Environment (12) is part of all spheres, but clearly
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part of the Environment and at the edge of the Economy and Society spheres, because 
it is not completely distinguishable from Natural Resources (11) and from Cultural 
Ecosystem Services (3).
Because of the possible confusions that may arise between the different commonly 
adopted AoPs, as they overlap (e.g. biodiversity as an endpoint to the AoP Natural 
Environment can serve as a midpoint to Natural Resources), include both intrinsic and 
instrumental (economic) values, and do not appear to make a coherent whole; the 
author is of the opinion that they can be renamed and redefined in the light of other 
disciplines. The intention of this section is to bridge the LCA framework with other 
popular frameworks, which results from the analysis made above.
Thus, it is suggested that AoPs be classified in LCA similarly to more popular and 
inclusive theoretical frameworks, such as the SDF. In this way, three distinct AoPs 
are proposed: Economy, Environment and Society. Economy groups together all 
endpoints that society deems as worth protecting for their instrumental value, i.e. 
capital resources. All areas protected for their intrinsic value are grouped elsewhere. 
Economy includes all forms of capital stocks (natural, human, social, manufactured 
and financial) that are valued for their productive potential. This AoP refers to the 
economic dimension of sustainability and is concerned with the availability of these 
forms of capital to future generations which decreases due to economic activities. 
This AoP includes the instrumental values of all the previously defined AoPs, 
including those from Life-Support Functions (Udo de Haes and Lindeijer, 2002).
The second AoP suggested is termed Environment, and refers to the environmental or 
biophysical dimension of sustainability. It relates to the AoP defined by Udo de Haes 
and Lindeijer (2002) as Natural Environment. It includes biodiversity and those 
biophysical processes that support life, which are also known as Life-Support 
Functions (e.g. Weidema and Lindeijer, 2001).
Finally, the intrinsic value of the AoPs known as Human Health and Man-made 
Environment are grouped together under the suggested Society AoP. This AoP relates 
to the welfare of humans and the health of their biotic and abiotic environments, and 
includes, for example, cultural heritage. It refers to the social dimension of 
sustainability.
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In this way, three AoPs are formulated that are directly related to the three 
dimensions of sustainability.
The conceptual framework for LCIA proposed above addresses issues that 
traditionally have been outside the scope of life eycle thinking. As opposed to some 
authors (e.g. Udo de Haes et a l, 2002; Udo de Haes and Lindeijer, 2002), the author 
is of the opinion that the proposed extension in the scope of LCIA is necessary.
The following section proposes a cause-effect chain for land use interventions under 
this harmonised framework, which can also applies to other impacts. In addition to 
Economy, Society and Environment, the two final AoPs of Nature and Culture are 
adopted as being the ultimate AoPs within which the former three fall. Economy, 
therefore, is not an AoP in itself, but a means to protect C ultureD espite these 
endpoints not being completely independent from eaeh other, they overlap minimally.
2.4.7.3 Harmonised terms and cause-effect chain
Figure 2.19 depicts the mechanisms through which the land-related interventions 
impaet upon the AoPs identified above. In Annex A, Section 6.1.6 shows in greater 
detail the impact pathways resulting from land interventions. Not all permutations of 
impact pathways that can be seen in these figures are described. Instead, only the 
main impact pathways are described (see Figure 2.19).
C h a n g e  in 
E c o sy s te m  E lem erts 
e .g . v eg e ta tio n  and  
soli)
C h a n g e d  
Regulating 
E c o sy s te m  Services
C h a n g e  in 
E cosystem  
P ro p e rtie s  (or 
Supporting 
E co sy s tem  Services, 
e .g . soil functions 
a n d  albedo)
ENVIRONMENT
C h a n g e  In Cultural 
E c o sy s te m  Services <D—^ A o P  SO CIETY
C h a n g e  In 
Provisioning 
E c o sy s te m  Services
A o P  ECONOM Y
Figure 2.19 Simplified cause-effect chain of land-use impacts
Culture is referred to here in its sociological or anthropological connotation, meaning the sphere o f  
human endeavour, which is distinguishable (or directly opposed) to Nature.
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Land occupation and transformation by humans is, in essence, the manipulation of the 
elements of a particular terrestrial ecosystem (e.g. flora, fauna and soil) to suit a 
particular purpose: demand for spontaneously grown biotic resources; demand for 
food, feed, material (e.g. timber, fibre) or energy (biofuels, biomass) crops; or just 
demand for space (housing, parking, trade, etc.). This refers to arrow “A” in Figure 
2.19. All anthropogenic land uses result in changes to these ecosystem elements, 
despite the magnitude of those changes varying. As noted by Weidema and Lindeijer 
(2 0 0 1 ), the impacts arising from these cannot be properly seen in isolation because 
these ecosystem elements are very closely interrelated and interdependent, and a 
change in one element will impact upon the other element(s). However, for example, 
some species are more important than others for the functioning of the ecosystem. 
Disturbances to these key species will invariably result in greater dynamic multiplier 
effects than those species with a more limited or substitutable role in the ecosystem. 
Due to the complexity and non-linearity of ecological systems, it is not possible to 
quantify the relative importance of the different species and attribute a specific change 
in the elements of the ecosystem to a specific potential impact. The impact on the 
degree of species-mix and in the population of individual species arises either directly 
by their removal, or indirectly by removal of their habitat (food and/or shelter) 
(Weidema and Lindeijer, 2001). Particular species may die or migrate away from 
unsuitable conditions; therefore changes in ecosystem elements (e.g. land cover) have 
a direct impact on biodiversity (B). In addition to the impact that physical changes to 
flora and fauna have on soil, direct physical changes on soil (such as tillage or 
removal) lead to erosion and alter the water and nutrient cycles. Carbon dioxide is 
released as a result, impacting upon climate, and the water retention capacity may 
decrease, leading to waterlogged conditions (B). Changes in the elements of the 
ecosystems also result in changes in the availability of biotic resources (C), and affect 
the properties of the ecosystem (the Supporting Ecosystem Services, D). As a result of 
the alteration these suffer, the Environment is directly affected (E), as are other 
ecosystem services (F, G and H), which then affect the availability of natural capital 
resources (J and K).
At this stage, all types of ecosystem services have been impacted upon. The changes 
suffered result not only in decreased natural capital (and its associated potential for 
economic production) but also impact directly on the Environment.
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In addition to the above, a range of terms used in LCA differ from those adopted by 
other more well established disciplines and frameworks. The author suggests that 
these be harmonised. It is proposed that the IPCC terms land use and land-use change 
be replaced by the LCA terms land occupation and land transformation, respectively. 
This is because land use is commonly referred to the function of land (e.g. food, 
energy, etc) and, hence, land-use change can be regarded as a change in land 
functions, e.g. from food to feed or energy. Conversely, land transformation clearly 
refers to the conversion of land from a natural to an anthropogenic state.
The terms life-support functions can be substituted by ecosystem services. Further 
proposals are identified in Table 2.7.
Table 2.7 Reconciling LCA terms
LCA term Proposed term Framework*
Impact
Pathway
Ecological soil quality 
(Milà i Canals et a l ,  2007)
Regulating ecosystem services ESF
Life-support functions. Soil quality 
(Milà i Canals et a l ,  2007)
Supporting ecosystem services ESF
Ecosystem quality / health Environment ESF
Human Health (AoP)
(Udo de Haes and Lindeijer, 2002)
Society
Economy (Capital Resources: 
Human Capital)
ESF
Area of 
Protection
Natural Resources (AoP)
And Natural Environment (AoP) 
(Udo de Haes and Lindeijer, 2002)
Ecosystem Services
Capital Resources: Natural
Capital
FCF
ESF
Man-made Environment (AoP) 
(Udo de Haes and Lindeijer, 2002)
Society
Economy (Capital Resources: 
Manufactured Capital
FCF
Capital Resources: Social 
Capital
FCF
*Framework:
ESF -  Ecosystem Services framework (MA, 2005) 
FCF - Five Capitals Framework (Forum for the Future, 2000)
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2.5 Conclusions
This chapter has presented, with a systems approach, a background overview of the 
past and present links between land, society and environment (including in the UK), 
with focus on the food, forestry and energy uses of land.
Land use has changed dramatically throughout time in order to support the changing 
needs of an increasing human population. This has mainly consisted in the conversion 
of forests to cropland and grassland during the first agricultural revolution. The 
industrial revolution, coupled with the green revolution, allowed for unprecedented 
increases in yield to support an expanding human population, as advances in 
technology (e.g. synthetic fertilisation, machinery and breeding) resulted in 
impressive increases in yield. However, these improvements have not eradicated 
hunger in the world and, despite some local and sporadic improvements, food security 
(in both absolute and relative terms) is decreasing. Similarly, the livelihoods of 
indigenous people and rural peasants is put in jeopardy by unsustainable land 
management, particularly forests, and by insecure land tenure (Brandao, 2004).
The environmental impacts associated with land use and land-use change have also 
been explored. Human impact on global ecosystem structures (e.g. land cover) and 
functioning (e.g. biogeochemical cycles) is not insignificant. The direct and immediate 
effects of changes in land-cover and land use on the environment -  conversion, loss and 
fragmentation of habitats -  lead to changes in the biogeochemical cycles, as well as in the 
water and energy cycles. In addition, erosion often results from these conversions. 
Indirect effects include climate change and the loss of biodiversity and ecosystem 
services (Schubert et ah, 2009).
In the course of the 20* century, world GDP increased almost 20 times, powered by a 
similar growth in global energy use (16 times) (Smil and Cutler, 2007). This was 
mainly due to the large-scale use of fossil fuels, which resulted in an unprecedented 
level of human perturbation of global biogeochemical cycles. The necessity to keep 
these cycles compatible with the long-term habitability of the biosphere by both 
human and non-human species, rather than any shortages of energy resources, may 
limit the future use of energy (Smil and Cutler, 2007).
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Particular focus has been given to the carbon budget, particularly the fluxes between 
the biosphere and the atmosphere (i.e. land-use change and land sink) which are 
disrupted by anthropogenic land use. The different land uses disrupt the cycle 
differently but the historical net effect on the balance is substantial. The close link 
between the carbon and energy cycles highlights the impact on other species caused 
by disruptions in these cycles.
Changes in land cover from forest (i.e. deforestation) since 1750 have been 
substantial, mainly due to cropland expansion. Indeed, cultivation and pasture 
increased from 0.8-0.9 Gha (6-7% of global land) in 1750 to 4.5-5.2 Gha (35-40% of 
global land), partly at the expense of forests, which were reduced by 1.1 Gha 
(Goldewijk, 2001; Goldewijk and Ramankutty, 2004a; Goldewijk and Ramankutty, 
2004b). Until the mid-20* century, most of the deforestation occurred in temperate 
regions; however, it is now progressing rapidly in the tropics. The associated impacts 
to ecosystems (including biodiversity) and climate are substantial.
Despite the increments in quality of life that, on average, the human population has 
enjoyed due to the exploitation of ecosystem services, it is clear that most non-human 
forms of life have been adversely affected. Indeed, human activities affect ecosystems 
and the global environment in many ways. The composition of the atmosphere and 
climate are changing rapidly. In addition, humans have modified half of the ice-free 
terrestrial surface and use around one-quarter of terrestrial production. As a result, it is 
thought that our actions are causing the 6 * major extinction event in the history of life 
on Earth (Chapin et a l, 2002). Moreover, the interdependence of our species’ welfare 
with that of the global ecosystem is now increasingly recognised, including in policy 
circles. The Ecosystem Services Framework is one example of some shift in the 
paradigm by which human development ought to abide.
This chapter followed-up on the concern identified in Chapter I regarding the 
prospects for increasing the supply of the various ecosystem services derived from 
land of limited availability. This chapter also identified the conceptual frameworks 
from different disciplines for assessing the sustainability of land use, and proposed 
their bridging through the harmonisation of their terms and methods with those 
commonly used in LCA. Thus, this integrated approach forms part of a novel
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framework from a systems perspective to assessing land use, within which more 
specific methods are devised in Chapter III. Therefore, this chapter lays out the 
foundations and conceptual framework upon which the subsequent chapters are based.
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3. CHAPTER III
CONSEQUENTIAL LIFE CYCLE FRAMEWORK AND METHODOLOGY FOR THE 
INTEGRATED SUSTAINABILITY IMPACT ASSESSMENT OF LAND-USE SYSTEMS
The world is vast and complex, and the human ability to process information is limited. All 
models o f the world are reductionist, therefore, as information loss must be accepted in order 
to gain simplicity and clarity. The need is for an intelligent and sophisticated reductionism.
Clayton and Radcliffe (1996, p. 17)
It is better to be vaguely right than exactly wrong.
Read (1898, p. 272)
Essentially, all models are wrong, but some are useful.
Box and Draper (1987, p. 424)
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Chapter III -  Methodological Developments
3.1 Introduction
Anthropogenic land-use activities imply the manipulation of ecosystem elements, usually the 
removal of the natural land cover vegetation, physical changes to soil and occupation of the 
land by a single crop or by an artificial structure. Before the different methodological issues 
are identified and addressed, it is important to explicitly define terms that have different 
meanings depending on the discipline that adopts them (see also Glossary in Annex 6.4). 
Milà i Canals and co-workers (2007a) distinguished two different types of interventions: land 
occupation and land transformation. These two terms are commonly referred to as “land use” 
and “land-use change”, respectively, in non-LCA circles (see Section 2.4.7.3 in Chapter II).
Land-use change results in certain changes in the properties of ecosystems that are intentional 
(such as the natural land cover), while others are unintended (such as decreased soil quality), 
as described in Chapter II. The maintenance of a particular land-use represents the 
continuation of the changed ecosystem properties for the duration of that particular land use. 
These original properties are restored, through natural processes, over varying time periods, 
depending on the severity of the impact and the location.
Land-based products have a significant environmental impact along their life cycles and, 
therefore, the need to assess them systematically, e.g. for eco-labelling, is well documented 
(Garnett, 2006; Tukker et a l, 2006). In addition to the environmental impacts associated with 
land use, other important economic and social aspects are worthy of consideration (see 
Chapter II).
In order to achieve land-use sustainability in its widest sense (including economic, 
environmental and social aspects), land use should be optimised so as to achieve all the 
desired outcomes that come fi*om sustainable management of multifunctional land. 
Allocation of land to competing purposes is complex and requires proper prioritisation and 
systematic comparison of alternatives. This complexity is further enhanced by synergies and 
multifunctionalities between different land-uses. A proper comparison of strategies can only 
be achieved through modelling so that the optimal mix of land uses can be identified and 
society can manage its land to meet its needs in a sustainable way.
This chapter aims at identifying and proposing solutions to some methodological issues that 
are pertinent to LCAs of land-based products. The Previous relevant work is due to Audsley 
et a l (1997), Baitz et a l (1999), Milà i Canals (2003), Milà i Canals et a l (2006a; 2006b; 
2007a; 2007b; 2007c), Sleeswijk (1996). Particularly, Cowell (1998), Milà i Canals (2003)
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and more recently Anton (2007) have pointed out that the impact categories used in most 
LCA studies are appropriate for industrial systems and that an agricultural LCA should 
consider further categories related to resource use, particularly land use. Three aspects were 
identified by Milà i Canals et al. (2007a): potential productivity of land; effects on 
biodiversity; and ecological soil quality. Climate-change specific methodological issues 
include:
• accounting for carbon in the “renewable” cycle, including soil. Here, net 
ecosystem production (NEP) and net ecosystem carbon balance (NECB) (Chapin 
et a l, 2008) have been proposed as indicators for agroecosystems outside the field 
of LCA;
• space-dependent variations in soil type and climatic conditions, which have a 
strong influence on soil carbon sequestration and oxidation.
In particular, this chapter reviews five significant methodological issues related to land-use 
sustainability impacts: consequential analysis of land-use decisions, including the estimation 
of indirect land-use change (Section 3.2); land-use impacts on ecosystem services and 
biodiversity (Section 3.3); land-use impacts on climate (Section 3.4); economic analysis 
(Section 3.5); and integration of environmental and economic assessments for decision 
making (Section 3.6); and proposes operational methods for these issues. This chapter is 
based on Brandâo (2008), Clift and Brandâo (2008), Müller-Wenk and Brandâo (2010), 
Brandâo et al. (2010) and Brandâo and ter Horst (submitted).
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3.2 Methodological issue 1: Consequential Analysis of Land-Use Decisions
LCA studies may be either change-oriented (i.e. consequential or prospective) if the goal and 
scope of the study is to assess the consequences of changes; or “accounting” (also known as 
attributional or retrospective), in which a non-dynamic “snapshot” of the system under study 
is obtained to quantify the impacts related with a product, assuming no substitution or other 
indirect effects. For assessment of marginal agricultural production (e.g. new crop products), 
it has become increasingly clear that only a consequential approach can be meaningful 
because of the potentially large indirect effects, such as land-use changes (Kloverpris, 2010; 
Searchinger et ah, 2008). A novel consequential methodological framework is proposed here 
for characterising competing land-use strategies.
There are different modelling approaches for analysing the land-use effects induced by, for 
example, bioenergy policy. The type of analysis proposed here (see Section 3.2.5) contrasts 
with the more frequently used approach based on economic partial and general equilibrium 
models (see Section 6.3.2 of Annex A) which is used for the same purpose (e.g. Kloverpris, 
2010). The economic approaches include “economy-wide” Computable General Equilibrium 
(CGE) models (e.g. LEITAP, GTAP) and “sector-confined” partial equilibrium (PE) time- 
series models (e,g, AGLINK, CAPRI, IMPACT, FAPRI-CARD). van Tongeren et ah, (2001) 
review and assess applications of the different global models to agricultural and trade 
policies while, more recently, the Netherlands Environmental Assessment Agency published 
an overview of modelling approaches for bioenergy, including their strengths and 
weaknesses (Prins et a l, 2010).
CGE models are a class of economy-wide models that estimate how an economy reacts to 
external shocks (e.g. changes in policy or technology or other external factors). CGEs are 
regarded as the state-of-the-art of empirical macro policy analysis and have been used widely 
to analyse trade policy. More recently, CGEs have been popular for estimating the economic 
effects of measures to reduce greenhouse gas emissions. CGEs can be useful to estimate and 
analyse the impacts of changes/shocks in one part of the economy upon the rest through 
relative price changes, e.g. trade shocks, trade liberalisation, structural adjustment, sectoral, 
tax and environmental policies and technological change. However, CGEs are widely 
regarded as “black box” models, lacking in transparency and requiring experienced analysts 
to translate the results and to make them operationally useful for policy makers. Additional 
criticisms include their user-unfriendliness and the need to accompany them with extensive
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use of sensitivity analyses, as very often the conclusions are highly dependent on the 
parameters, functional forms, and closure rules of the models.
CGE models always embody a neoclassical approach, as they assume utility-optimising 
behaviour. Indeed, macro CGE models have typically modelled the agricultural sector as a 
pure profit-maximising producer. This is a common assumption in economic theory but can 
be unrealistic, particularly in countries where markets are highly imperfect or non-existent so 
that the de facto economic system does not follow this abstract economic model. 
Nonetheless, it is possible for CGEs to incorporate land degradation through an impact on 
production-function parameters, and deforestation may be captured as forest-stock changes 
or area deforested. Externalities may be recorded but do not affect the solution, although the 
impacts of policies on externalities may be assessed.
Presently, there are several global regional or national general or partial economic 
equilibrium models that try to estimate iLUC (see Chapter I):
G-TAP (CGE developed by Purdue University, US)
FAPRI-CARD (PE developed by FAPRI and CARD, US)
AGLINK-COSIMO (PE developed by OECD, France and FAQ, Italy)
LEI-TAP (CGE developed by LEI, Wageningen University, the Netherlands)
IMPACT (PE developed by IFPRI, US)
CAPRI (PE developed by JRC-IPTS, Spain and LEI, Wageningen University, the 
Netherlands)
DART (CGE developed by Kiel, Germany)
However, many of these models are fraught with difficulties so that their relevance to policy­
making is, at best, questionable due to the limitations inherent in the models and the 
associated assumptions. For example, some models:
• assume a fixed agricultural land area (i.e. no expansion), which renders them 
useless for estimating iLUC (e.g. DART);
• only consider LUC in Europe (e.g. CAPRI);
• do not consider co-products;
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• do not model biophysical flows explicitly (area, energy and protein content, crop 
output), as these are replaced by monetary flows;
• assume unrealistic reduction in food consumption (e.g. in US);
• assume marginal yields (considerably) higher than current (average) yields;
• aggregate crops together (e.g. oilseeds).
As a result, the models indicate very disparate magnitudes of iLUC effects. In fact, iLUC 
emissions tend to be underestimated because none of the models take into account crop 
displacement nor emissions from intensification and peat oxidation (Edwards et ah, 2010).
3.2.1 Functional Unit
The functional unit is a defined quantity of a product or service and all burdens are expressed 
on that basis. For both agricultural and industrial systems, the choice of the functional unit is 
not always entirely obvious although it may be decisive for the conclusions of the study, 
especially for those studies that compare the same function provided by different product 
systems. In fact, in this case, the conclusions may be reversed according to the functional 
unit chosen (Carlsson-Kanyama, 1998). For example, organic production systems often score 
worse per unit mass of food produced, but better on a per ha basis (Audsley, 2005). This 
choice depends on the function to be assessed, but may also depend on other considerations. 
Land use systems are multifunctional. If the interest lies in food, then an appropriate 
functional unit could be, for example, 2,500 calories worth of food or the daily recommended 
allowance of the different elements. Indeed, one could include a nutrient-based meal with all 
the necessary protein and vitamins and fat in addition to energy. Or, if the functional unit 
applies over a period of time such as a year, so that we get a person fed over a year as the 
unit, we multiply it by the number of meals consumed over a year. However people’s choices 
of foods do not solely depend on their nutritional qualities and often choices of diets depend 
on other psychological and cultural factors. It is not possible to combine all possible 
reference units into one functional unit: the daily recommended allowance of all needs 
(energy, protein, vitamins, fat, etc) per person, per ha and per year. The LCA can give us the 
environmental impacts related to feeding one person over one year, or per ha, but not both.
If it is the system (and not necessarily the product) that one chooses to focus on, in particular 
for assessing competing uses of land, then a land-based unit can be chosen, such as m^  or ha, 
even though it does not represent a product per se. The choice of functional unit depends on
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what is being assessed and not necessarily the function or service of what is being assessed. 
Most LCA studies focus on the consumption end of the product chain and, therefore, a 
consumption unit is usually chosen. However, systems yielding different functional units 
may also be compared by LCA, as long as a common reference basis exists (for example, 1 
ha for 1 year). In addition, the potential impact may be turned into the functional unit itself. 
In this case, for example, different biofuels can be compared in terms of their impacts per 
tonne of carbon saved, or different land management options can be compared in terms of 
their impacts per ha. Mitigation of GHG emissions and the prevention of avalanches and 
landslides can, at least, be considered as co-products or services, as can biodiversity and any 
other ecosystem service. For the comparison and assessment of land-use strategies, an area- 
based functional unit is appropriate.
3.2.2 System Boundaries
System boundaries are shaped by time and space considerations\ as well as the researcher’s 
notions of significance which determine the cut-off criteria. The focus of the study 
determines which life cycle stages and which subsystems are relevant and which are not. 
These decisions will have a major bearing on the results (Cowell, 1998) and, as a result, the 
study will have varying degrees of confidence and credibility and, thus, relevance for 
environmental decision-making. Biofuels are a good example: studies that do not consider 
emissions from direct and indirect land-use change overestimate the environmental benefits 
of biofuels relative to their conventional counterparts.
The arbitrary selection of system boundaries may lead to significant truncation errors as 
upstream or downstream processes are “cut-off”. An alternative is the use of economic input- 
output tables that are used to determine the emissions and resources consumed per unit of 
demand of a sector. Because these tables are for the whole economy, there is no cut-off in the 
background system and, therefore, boundaries are larger and more inclusive, as compared to 
process data. Despite this method being more comprehensive, and arguably easier and faster 
to employ, it is also limited (e.g. Reap et a l, 2008b) by:
• its aggregation of products within particular sectors (low resolution);
• generalisations of economies (treating external economies as homogenous, when not 
omitted);
' Biogeographical differentiation, an impact assessment issue, is considered in Section 3.3.1.
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• the availability of 10 tables;
• assuming proportionality between monetary and physical flows intra and inter 
sectors;
• truncation errors from downstream processes (post-production);
• ignoring reuse and recycling; and
• economic data uncertainty.
Another issue of particular relevance to the assessment of land-use systems is the existence 
of crop rotations, which aim to improve the management of the agroecosystem in terms of 
nutrients, pests and diseases, biodiversity, etc, which would ultimately result in increased 
productivity over the rotation cycle. To capture all these aspects and their related fluctuations 
in inputs and outputs, it is important to consider the whole rotation when performing an LCA 
(Cowell, 1998). As each course of the rotation typically delivers one crop, it is then 
important that the LCA represents all outputs from the entire rotation. As such, the functional 
unit could be a particular quantity of a range of crops; or the same crop over the whole 
rotation (e.g. forestry systems). In many cases, however, studies are concerned with a single 
crop.
Most agricultural LCAs limit the temporal system boundary to one year and usually do not 
include capital elements (commonly known as overheads), such as buildings as these are 
deemed to have relatively low significance in the overall environmental load. However, one 
can only know how significant or insignificant some processes are once these are measured. 
Once these are measured, they may as well be used.
Ancillaries are defined as materials or products that contribute to maintenance of processes 
but are not intended to enter the product (Cowell, 1998). These are only included if they 
make a significant contribution to the LCA results. As industrial systems are very efficient, 
ancillaries rarely affect the LCA results significantly, but this is not the case for agricultural 
systems. Agricultural machinery is one such obvious ancillary, partly because it is not used 
as efficiently (i.e., it is not used all the time and its use can be linked to specific outputs).
One other item of more controversy is soil. Soil can be considered an ancillary as its quantity 
and quality are affected by agricultural practices and it has a crucial role in the present and 
future productivity of the agroecosystem. Indeed, soil -  like oil -  is a resource that results 
from a process of decomposition of organic matter and weathering of non-organic (mineral)
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materials. As this process requires a timescale orders of magnitude greater than the cropping 
cycle, it can be considered a non-renewable resource. As such, a measure of soil quantity and 
quality needs to be included in an agricultural LCIA.
In LCA, a clear distinction between the economic and environmental system is necessary, but 
in agriculture the distinction is less clear as soil fulfils both economic and environmental 
functions. In order to address impacts on soil quality, soil needs to be considered in the 
environmental system, even though it is also an input to the economic system. In a Dutch 
study (Kramer et a l, 1999), it was concluded that soil and crop residues are part of the 
environmental system, but that the crop marketable yield was part of the economic system.
Other items that can be considered ancillaries are important, albeit less obvious. These can be 
grouped under farming infi*astructure and includes hedges, fences and field margins (Cowell, 
1998). Indeed, these field boundaries and margins can make a significant contribution to the 
environmental impacts of the agroecosystem under analysis, such as biodiversity (Cowell, 
1998).
One particular aspect of agricultural LCAs noted by Cowell (1998) is that of the last stage of 
the life cycle. Typically, waste management is excluded, leaving the consumption of food as 
the last stage of the assessment. There are arguments for and against this exclusion but, 
nonetheless, results will be affected by the choice (Munoz et a l, 2008).
3.2.3 Reference Scenario
Related to System Boundaries is the identification of reference systems that are displaced by 
the product system under study. The (environmental) impacts associated with all direct (in 
the foreground system) and indirect (in the background system) consequences that arise as a 
result of the foreground system need to be taken into account, an issue which is now 
recognised as important by policy-makers on both sides of the Atlantic.
The reference system or baseline scenario defines the current “status quo” for both 
foreground and background systems. In a consequential assessment, the reference would be 
the most likely alternative situation were the product under assessment not produced. In the 
context of biofuels, for example, both energy and land-use references are of high importance 
because increased biofuel use is most likely to replace a certain amount of marginal (not 
average) fossil energy that would otherwise be produced and a particular (marginal) land use. 
In addition to this, changes in supply result in land being converted into cropland to make up 
for the gap in the market and balance supply (i.e. iLUC). For example, in order to assess the
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environmental consequences of increased bioethanol production from wheat produced in the 
foreground system, it is necessary to identify the displaced land use (if any, as extra 
production may arise from yield increases on current wheat land). If the increased wheat 
production takes place on e.g. former grassland, the following consequences would arise if 
we assume that consumption of food and fuel remains constant:
• an animal fodder alternative to grass would have to be produced elsewhere (including 
in current land for fodder, which would have to have higher yields);
• less gasoline would be produced.
In this case, the environmental impacts are those related to the foreground system (bioethanol 
production from wheat), including the foregone grassland (reference land use in the 
foreground system) - as well as all those from the foregone gasoline production - but also all 
those that may arise indirectly to accommodate for increased production of fodder, e.g. 
impacts associated with converting native ecosystems to cropland. For example, it could be 
considered that rainforest is cleared to make way for soybeans to be exported to the 
foreground system as an animal fodder replacement. It is, therefore, argued that the 
environmental impacts of the iLUC associated with displacement of the reference land in the 
foreground system need to be taken into account by adopting a realistic compensating land 
use in the background system. The associated environmental impacts can then be quantified. 
The difference between including or excluding an appropriate reference system^ can be 
significant. Indeed, the carbon emissions from iLUC can be more significant than all the 
other stages together. Thus, ignoring or excluding this issue can lead to misleading 
underestimates (e.g. Cederberg et a l, 2011).
The importance of an appropriate choice of the reference scenario lies in its decisive 
influence on the results and, thus, on the decision that follows their interpretation.
 ^Not including a reference system is equivalent to assuming that the displacement of the reference system in the 
foreground system is the exact opposite of that in the background systems (so that they cancel each other out). 
In this example, the implicit assumption would be that the impacts associated with the avoided grassland are 
compensated by extra grassland production elsewhere. This would be correct if displaced grassland in the 
foreground system resulted in the opposite effect (grassland displacing cropland) in a place with exactly the 
same conditions (e.g. the same country or one with identical environmental conditions that, for example, ensures 
a similar yield). This would, o f course, be a highly unlikely reality in a globalized economy, as the marginal 
products and their features are different from the product whose change in supply affects them (e.g. grass and 
soybeans).
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3.2.4 Allocation
Section 6.3.1 of Annex A provides background information on allocation, which is one of the 
most controversial methodological issues in LCA.
Of particular relevance to this study is the allocation of land transformation impacts 
(including carbon emissions from land-use change) among subsequent land uses and 
associated products (Cederberg et a l, 2011). It is acknowledged that, assuming the converted 
piece of land (e.g. from forest to cropland) remains under cropping systems for a long period, 
all subsequent crops “benefit” from that original land conversion and should therefore share 
some of the total burden. Nonetheless, considering large or infinite time scales would dilute 
the transformation impacts excessively so that a more pragmatic (albeit arbitrary) time-scale 
is needed. The PAS 2050 (BSI, 2008) recommends a 20-year timeframe over which the 
carbon emissions due to land-use change are equally distributed. The 20-year period seems to 
be reasonable and is consistent with estimates for the period required for soil carbon stocks to 
reach a steady-state following land transformations (Cederberg et a l, 2011; IPCC, 2003). 
This is strengthened by the common behaviour of economic agents of expecting a return on 
investment within the first 20 years. In this way, land conversion can be regarded as a capital 
investment that is expected to “pay for itself’ and bring dividends within this period.
Wheat Grassland Soya beans Rain forest
Foreground System Background System
Elements o f the 
reference system
Figure 3.1 Illustrative example of a simplified reference system (adapted from Jungk et ah, 2002).
However, it could be argued that earlier years should bear a higher portion of the total 
impacts, which is common practice in economic accounting through the use of depreciation 
rates. Due to the impossibility of excluding arbitrary choices, the author proposes a simple 
linear function whose integral over 20 years amounts to 100% of the impacts, as
82
Chapter III -  Methodological Developments
recommended in the ILCD Handbook (European Commission, 2010c). Figure 3.2 shows 
that, in the proposed approach, the total impacts are distributed unequally among the years 
following transformation. Figure 3.3 shows the cumulative burden of land transformation 
impacts. The curve is non-linear as the integral function of a linear function is quadratic. It 
can be seen that half of the impacts are attributed to the first 6 years (or less than one-third) 
of the allocation period. This method is used because it distinguishes the earlier years after 
transformation from the later ones following the argument that the output of year 1 should 
bear more responsibilities for the total burden of the “investment” than year 20, but not all of 
it. This reasoning and procedure are also adopted in accountancy and business analysis, 
through the use of depreciation rates.
10 11 12 13 14 15 16 17 18 19 20
Year
Figure 3.2 Amortisation of land transformation impacts over the subsequent 20 years
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Figure 3.3 Cumulative distribution o f land transformation impacts over the subsequent 20 years
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Table 3.1 shows the recommended amortisation of land-transformation impacts among the 
subsequent 20 years of cropping. This method, as all other recommended methods in this 
chapter, is applied in Chapter IV. However, this method requires knowledge of the specific 
year following conversion when the crop under assessment is grown and, thus, the 
complexity -  particularly for background processes (and associated database requirements) - 
will increase.
Table 3.1 Amortisation ofland transformation burdens
Year Yearly Burden (%) Cumulative Burden (%)
1 9.75 9.75
2 9.25 19.00
3 8.75 27.75
4 8.25 36.00
5 7.75 43.75
6 7.25 51.00
7 6.75 57.75
8 6.25 64.00
9 5.75 69.75
10 5.25 75.00
11 4.75 79.75
12 4.25 84.00
13 3.75 87.75
14 3.25 91.00
15 2.75 93.75
16 2.25 96.00
17 1.75 97.75
18 1.25 99.00
19 0.75 99.75
20 0.25 100.00
3.2.5 Proposed systems approach
Given the difficulties outlined above, in particular identifying consequential land use change, 
an alternative approach based on consequential life-cycle thinking is proposed here. The 
particular approach to be followed depends on how the following seven questions are 
answered:
1. Are the affected products compensated for? i.e. do volumes of production change in 
the background system in order to balance production changes in the foreground 
system and thereby keep consumption levels constant?
2. If yes, which products are affected in the background system?
3. Which feedstocks for those products are affected?
4. What is the magnitude of the changes in the level of production of those feedstocks?
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5. Which region is the marginal supplier of those feedstocks?
6 . Are changes in marginal production met by changes in yields or changes in areas?
7. If by changes in area, which land covers are converted?
Answering question 1: Are the affected products compensated for?
The different land-use decisions will change the levels of production in the foreground 
system of different commodities (e.g. food, fuel, feed, etc). The consequential model is 
dynamic in the sense that it captures substitution effects (identified in the inventory) and their 
associated impacts (included in the impact assessment) arising from changes in domestic 
production of certain key crop commodities.
Therefore, in this model, a change in output in the foreground system will be entirely 
compensated by a change in output in the background system from the marginal exporter of 
that commodity or of a product mix which can substitute for it.
Figure 3.4 illustrates how and why a marginal exporter in the background system (MEBS) 
would respond to a world price change resulting from a change in supply in the country under 
study in the foreground system (CES), but does not form part of the model developed here
because price changes are not modelled explicitly. Thus, the figure merely shows the
assumed mechanism as would be depicted by an economist. It is important to note that total 
(or global) supply and demand are assumed to remain constant, so that a change in supply in 
the CES results in the inverse change in supply in the MEBS.
This figure depicts the simplified partial equilibrium model adopted as the theoretical 
framework for this study. The CES (on the left of the figure) is an importer of a certain 
hypothetical crop quantity {q) as the price (p) for domestic production is higher than the 
international price. S c f s  and D c f s  are the supply and demand functions for that hypothetical 
crop of the CES. In the middle figure, exports of (qxCAS”) are measured to the right of 0 and 
CES imports (qmCFS') to the left. The right panel of the figure depicts the MEBS. The 
functions ES and ED are the “excess supply” and “excess demand” functions for q at various 
international prices. The horizontal difference between jDcfs and C^FS in the left figure 
measures the amount of q demanded for import (which is equal to q  ^ in the middle figure). 
At international price pj, total domestic demand will be ac but domestic production will be
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only ab, so that be will be imported. The amount imported, be, is identical with de and 7^ 
shown in the figures in the middle and at the right, respectively.
The model in Figure 3.4 shows what happens when less food is produced in the CFS due to 
the diversion of land ô*om food to fuel production as a result of e.g. policy support for 
biofuels. The domestic food supply function shifts from S c f s  to S ’c f s -  As the supply function 
shifts to the left, the E D cfs-E S cfs ftinction also shifts in the same direction to E D ’cfs- E S ’cfs 
and the amount hm is now imported. Since only two nations are involved, the CFS’s imports 
{q^CFs) must equal the MEBS’s exports {ij=kl).
In Chapter IV, the opposite effect is also included in the strategies that result in increased 
supply; i.e. instead of changing the use of existing crops and cropland, new land is cultivated 
-  set-aside or grassland - resulting in increased, not decreased, domestic supply. The figure 
ignores transaction costs (transportation and other transfer costs) which, in this model, are not 
relevant for determining the quantity imported nor for identifying the MEBS. However, these 
costs are included in the calculation of environmental and economic impacts.
Answering question 2: If yes, which products are affected in the background system?
Given the positive answer to question 1, the impacts of a land-use decision include those 
related to the life cycles of the marginal products, reference products (usually food, feed 
and/or energy) displaced in the background by increased output of marginal products and 
increased to compensate for decreased supply and also iLUC.
Answering question 3: Which feedstocks for those products are affected?
This question is not as straight-forward as may at first appear. Whilst it may be obvious that 
the marginal feedstocks for vehicle fuel that are affected by changes in ethanol and biodiesel 
production would be gasoline and diesel, respectively, the marginal feedstock for electricity 
and feed is not as easy to identify.
Instead of adopting the average electricity mix, which uses a range of feedstocks, the 
marginal generation is adopted. The adoption of marginal technologies is normal practice in 
consequential analysis (see e.g. Weidema et a l, 1999; Weidema, 2000). Coal is, therefore, 
the marginal electricity feedstock in the UK.
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It is assumed that the decrease in supply of the commodities is compensated on the basis of 
those commodities’ functional attributes, so that equivalent commodities (not necessarily 
identical) act as perfect substitutes. Food products are compensated by the marginal food 
products yielding the same function (e.g. wheat by wheat, beet sugar by cane sugar, rapeseed 
oil by palm oil), while biomass and biofuels replace fossil fuels. Feed products have a two­
fold function: the supply of both energy (carbohydrates) and protein. The marginal source of 
protein is assumed to be soybean meal (Schmidt, 2007), while the marginal source of energy 
is feed wheat (Edwards et a l, 2009). Table 3.2 shows the marginal feedstocks for the 
different products.
Product in the foreground system Marginal feedstock
Food Wheat Food Wheat
Rapeseed Oil Palm Oil
Beet Sugar Cane Sugar
Feed A combination o f  soybean meal, feedwheat and palm oil
Feed energy Feed wheat
Feed protein Soybean meal
Bioethanol Gasoline
Biodiesel Diesel
Electricity Coal
Heat Natural gas
Answering question 4: What is the magnitude of the changes in the level of production of 
those feedstocks?
The feedstocks affected at the margin have been identified (see Table 3.2), but not their 
quantities.
It is assumed that crops and vegetable oils have the same ratio of attributes or properties (e.g. 
energy and protein content) regardless of their place of production (e.g. Canadian wheat is a 
perfect substitute of British wheat; and palm oil a perfect substitute of soybean oil), and 
therefore are substituted on a one-to-one quantitative basis. Other food products are also 
assumed to be substitutable on a mass-basis (e.g. sugarbeet sugat and sugarcane sugar), while 
biomass and biofuels replace fossil fuels on an energy basis (net calorific value). Conversely, 
feed products and sugar and biofuel co-products used for feed (i.e. those derived from 
bioethanol-, biodiesel- or sugar-making processes) have different ratios of attributes (see 
Table 3.3) which means they cannot be substituted on a one-to-one ratio, but rather on the 
ratio that compensates so as to keep the supply of both energy and protein constant. This 
particularly applies to those land-use strategies involving the co-production of feed, as in the
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case of biofuels (e.g. rapeseed meal, distiller’s grains, and sugar beet pulp). In order to 
balance the positive (extra) or negative (deficit) changes in the supply of feed energy and 
protein that arise when changing land use, multiple equations were solved simultaneously, as 
proposed by Schmidt and Weidema (2008). This approach, which is commonly used in linear 
programming, is used to avoid general equilibrium modelling with its inherent uncertainty 
introduced by the estimation of price elasticities, i.e. responses of supply and demand to price 
changes (see Section 6.3.2 of Annex A).
Table 3.3 Functional attributes o f different feed sources (Edwards et a l ,  2009; Hopkins, 2000; Schmidt, 2007)
Dry Matter (DM) 
(%)
Digestible Energy 
(MJ / kg DM)
Metabolizable Protein 
(g /  kg DM)
Soybean meal 89 15.48 363
Feed wheat 87 16.23 75
DDGS 93 16.12 244
Rapeseed meal 90 13.64 283
Barley grain 86 12.00 88
Barley straw 87 7.00 29
Grassl 18 11.50 112
Palm kernel meal 90 13.72 115
Dried sugar beet pulp 85 13.64 70
Sugar beet tops 100 0.38 0
Sugar beet vinasses 27 13.42 733
Soybean meal and palm kernel meal are necessarily co-produced with vegetable oil. Changes 
in supply of soybean meal will imply proportional changes in the supply of soybean oil and, 
thus, affect the world market for vegetable oils. This, in turn, will be compensated by changes 
in supply of the marginal source of vegetable oil.
According to Schmidt (2007), the marginal source of vegetable oil is palm oil. Palm oil 
production is therefore expected to decrease by the same amount as any increase in 
production of vegetable oil from other sources, e.g. oilseed rape in the foreground system. It 
is therefore clear that a change in the production of feed, either as a main product or as a co­
product, results in changes in the production of soybean meal and wheat because these are the 
marginal sources of protein and energy, respectively. As a consequence of changes in the 
production of soybean meal, soybean oil production changes (as it is produced jointly), 
resulting in changes in palm oil and associated palm kernel meal (which is also produced 
jointly). Similarly, changes in production of vegetable oil from oilseed rape result in changes 
in the production of palm oil, the associated meal, and so on. Changes in the supply of any of 
the three commodities (feed energy, feed protein and vegetable oil) are balanced by changes 
in production of the marginal feedstocks (feedwheat, soybean and palm).
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In order to illustrate this method, consider the co-production with wheat ethanol of Dried 
Distillers Grains with Solubles (DDGS), used for feed. The consequential assessment 
requires estimation of the quantities of other feedstocks needed to balance the supply changes 
in the foreground system, which in turn requires information on the energy and protein 
content of those feeds. One hectare of wheat for ethanol results in the co-production of 2.6 
tonnes of DDGS, which contain 39 GJ of digestible energy and 586 kg of metabolizable 
protein. These extra quantities perturb and are absorbed by the feed market which, assuming 
constant demand, has to be compensated for by reduced production of the marginal energy 
and protein sources. Assuming that soybean meal and wheat, respectively, are the marginal 
sources of protein and energy for animal feed (see Table 3.2), that soybean meal is co­
produced with vegetable oil and that palm oil is the marginal source of vegetable oil, those 
systems need to balance when absorbing the external shock of extra energy and protein feed. 
Table 3.3 shows the different levels and ratios of energy and protein content of different 
feeds. For example, one tonne of dry soybean meal contains 15.48 GJ of digestible energy 
and 363 kg of protein and is co-produced with 0.233 t of soybean oil (see Table 3.4 and 
Figure 3.5); and one tonne of dry feedwheat contains 16.23 GJ energy and 75 kg protein and 
co-produces no vegetable oil. In addition, one tonne of refined vegetable oil from palm oil 
(including that from kernel) is co-produced with 167 kg of palm kernel meal (cake and fodder 
fat) with the contents of 2.29 GJ of energy and 19.2 kg of protein. It is interesting to note that 
the meal to vegetable oil production ratios for soybean and oil palm are around 4:1 and 1:6, 
respectively.
Table 3.4 Co-production o f vegetable oil and meal per different units (extrapolated from Edwards et aï., 2009; 
RFA, 2009; Schmidt, 2007; Schmidt and Weidema, 2008)
ha.yr Vegetable oil (t) Dry Meal (t)
Soybean
1.00 0.39 1.66
2.59 1.00 4.29
0.60 0.23 1.00
Oil Palm
1.00 4.05 0.68
0.25 1.00 0.17
1.48 5.99 1.00
From Table 3.3, it can be seen that producing one tonne of soybean meal provides 15.48 GJ 
of energy and 363 kg of protein and entails the co-production of 0.233 t oil. Similarly, one 
tonne of feed wheat provides 16.23 GJ of energy and75 kg of protein and co-produces no 
vegetable oil. Finally, one tonne of palm oil entails the co-production of palm kernel meal, 
whose energy and protein content is of 2.29 GJ and 19 kg protein, respectively.
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Figure 3.5 Co-products from soybean and oil palm cultivation (extrapolated from Edwards et a l ,  2009; RFA, 
2009; Schmidt, 2007; Schmidt and Weidema, 2008)
To balance these systems, a set of equations is solved simultaneously (as suggested by 
Edwards et a l, 2009; and Schmidt and Weidema, 2008). Thus, in order to balance, the 
system to adapt to applying one hectare to producing wheat for ethanol requires:
sovbeanmed
15.48GJ / 1 6 . 2 3 G J  / '2 .2 9 G J /r^ ,,_ , 39GJ
3 6 3 k g p r o te in   ^^soybeanmed ^feedwheat ^palmoil t ^ k g p ro te in  / tpalm oil = —
0 . 2 3 3 ^ 0 ^ , ^soybeanmed vegetabledl ^ ^feedwheat vegetabledl ^ ^palmoil vegetabledi
 ^soybeanmed 1-41 
h eed w h ea t  =  ~1 - 09
=  0.33
(Eq. 3.1)
By solving Equation 3.1, it appears that, as a result of one additional ha of wheat for ethanol 
production, soybean meal production decreases by 1.4It while feed wheat also decreases by 
1.09t. The deficit in vegetable oil from decreased production of soybean (meal) is 
compensated by an increase in palm oil production by 0.33 tonnes. All these production 
changes are accompanied by land-use changes in the model.
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Answering question 5: If these are crop commodities, which region is the marginal supplier 
of those feedstocks?
Table 3.5 shows the marginal producers and net exporters for certain key crops and products; 
the two are not necessarily the same. The marginal exporter of a particular commodity is 
assumed to be the country facing the largest forecast increase in exports of that commodity 
over the next 1 0  years; i.e. the marginal exporter is not the country exporting the most, but 
the country with the largest potential increase in the quantity exported.
Answering question 6 : Are changes in marginal production met by changes in yields or 
changes in areas?
Changes in production affect only land area cultivated, as yields are assumed to remain 
constant. As argued in Chapter I, marginal yields are not necessarily higher than average 
yields. It is recognised that, particularly in developing countries where large amounts of land 
that are suitable for agriculture exist, there is scope for maintaining current yields or even to 
increase them. However, possible yield increases due to technological developments may be 
offset by the use of marginal land, which is generally of a lower quality and, hence, produces 
lower yields. This is particularly so for those countries that have a mature agricultural sector 
and already use all of the most productive land. Therefore, the validity of the assumption is 
uncertain and there is no argument for replacing it by any assumption which is less simple 
and transparent; this point is discussed in Chapter V. On the other hand, differences in yield 
between countries are also accounted for, e.g. as one hectare put into production in the 
foreground system results in less than one hectare foregone in other countries if yields are 
generally higher there.
Answering question 7: If changes in marginal production are met by changes in area, which 
land covers are converted?
Question 7 refers to the marginal land in the marginal exporter (i.e. Canada, Argentina, 
Indonesia and Brazil). The consequential land-use changes in Canada and Argentina are 
assumed to be from grassland to annual cropland (wheat and soybean, respectively), whereas 
in Brazil and Indonesia, changes are assumed to be from tropical forest to perennial cropland 
(palm and sugar cane, respectively). This information will be crucial in LCIA, for example in 
calculating the climate-change impacts of the changes in land carbon stock.
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Table 3.5 Identifying marginal producers and net exporters o f key biofuel products and crops
Product Marginal Producer (P) 
and/or
Marginal Net Exporter (E)
Average annual increase 
2008/09-2018/19
(thousand metric tonnes) (FAPRI, 2009)
In Production In Net Exports
Biodiesel* Brazil (E) 58 60
European Union (P) 91 Net Importer
Argentina 23 2
Malaysia - -2
Indonesia 20 4
USA 51 -64
Ethanol* Brazil (E) 742 1,413
USA(P) 747 Net Importer
European Union 100 Net Importer
Canada 8 Net Importer
China 12 -54
Soybean Argentina 1,345 148
Brazil (P, E) 2,394 1,701
China 68 Net Importer
Soybean meal Argentina (E) 940 889
Brazil 466 95
China (P) 1,672 11
Soybean oil Argentina (E) 263 166
Brazil 115 36
China (P) 471 Net Importer
Rapeseed Canada 68 70
EU(P) 463 Net Importer
Ukraine (E) 103 92
Rapeseed meal Canada(E) 98 80
EU(P) 264 13
Ukraine 14 -13
Rapeseed oil Canada (E) 66 64
EU(P) 190 Net Importer
Ukraine 10 10
Palm oil Indonesia (P, E) 836 770
Malaysia 549 438
Palm kernel meal Indonesia (P, E) 137 100
Malaysia 70 45
Palm kernel oil Indonesia (P, E) 115 83
Malaysia 59 -7
Maize USA (P, E) 6,059 1,672
Barley EU(E) -137 127
Other Middle-Eastern Countries (P) 282 Net Importer
Wheat Argentina (E) 785 701
India (P) 1,300 52
Sugar cane Brazil (P, E) 25,874 50,110
Sugar Brazil (P, E) 1,304 1,083
Sunflower seed Ukraine (E) 2 25
Argentina (P) 174 6
Other Middle-Eastern Countries 135 24
Sunflower meal Ukraine 6 -3
Argentina (E) 34 20
Other Middle-Eastern Countries (P) 54 -1
Sunflower oil Ukraine 7 28
*Million US Gallons
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All the information needed regarding changes in production and iLUC are obtained in this 
method which, coupled with additional inventory data (e.g. carbon stock changes in marginal 
land), allows the impact assessment to be conducted.
Figure 3.6 shows the above example. The parts described by Equation 3.1 refer to the “animal 
feed & vegetable oil” market. Commodities in the other boxes are not associated with co­
production so that direct displacements apply in terms of energy (MJ of vehicle fuel). The 
iLUC associated with the marginal feed displacement caused by the extra production of 
DDGS is O.OSha in Indonesia, -0.85ha in Argentina and -0.55ha in Canada.
3.2.6 Modelling assumptions
The list below summarises the assumptions upon which the proposed model for the 
consequential assessments of land-use decisions is based, and will be discussed in Chapter V:
• changes in production in each scenario affect world markets for a range of products 
(e.g. wheat, vegetable oil, sugar, fodder);
• trade is free and marginal exporters comprise the relevant trading world with the 
foreground system for the products analysed;
• commodity prices are not modelled^, while the exchange rates between the currencies 
of the foreground system those of the marginal exporters do not vary;
• there is full compensation of all products affected: i.e. a change in production in the 
foreground system is fully compensated elsewhere (in the background system) to 
meet a constant demand, implying that there is perfect elasticity of substitution 
between the functional attributes of the products affected;
• all variables are linearly related; i.e. the whole system is linear and homogenous;
• increased biofuel and bioenergy production displaces marginal fossil-based energy 
sources;
• increased food and feed production displaces marginal food and feed supply; and
• increased electricity production displaces marginal generation.
Price is endogenous in the theoretical model as it responds to changes in supply in the foreground system but is 
a determinant o f supply elsewhere. Even though this is the underlying mechanism, price considerations are not 
explicitly modeled, although it can be inferred that prices change to allow for full substitution o f the displaced or 
marginal production: i.e. that global supply and demand are constant and that a change in supply in the 
foreground system is fully compensated by a change in supply elsewhere. However, any effect o f price on 
aggregate demand is excluded.
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2.58 t DDGS
-1.09 t dry 
feed wheat
-1.41 t dry 
soymeal
-0.85 ha 
(ARC)
-0.55 ha 
(CAN)
-1.41 t gasoline
Vehicle fuel
0.08 ha 
(IND)
0.33 t palm
2.27 t bioethanol
Animal feed & veqetable oil
7.72 t wheat grain
Wheat (1 ha)
Figure 3.6 Flowchart depicting the production of wheat for ethanol from one additional hectare and the 
associated displacements in the UK and overseas (including iLUC)
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3.3 Methodological issue 2: Land-use impacts on Ecosystems
3.3.1 Spatial dependency / Biogeographical differentiation
Product systems for two similar products may present widely different features depending on 
their location. This is true for most products, but particularly for land-based products for 
which environmental conditions such as temperature, soils, and water and nutrient 
availability vary significantly according to location, as do the technologies employed. All 
these affect the magnitude of inputs (e.g. resources consumed) and outputs (e.g. agricultural 
crop yields and emissions) in otherwise similar unit processes. Thus the performance of these 
unit processes are location-dependent, so that inventories would benefit from more realistic, 
site-specific datasets. Generic processes and associated datasets can reduce the accuracy of 
the inventory and so may be extremely misleading (Reap et al., 2008b).
Similarly, impacts are also spatially-dependent as some ecosystems are more sensitive than 
others to a specific environmental intervention. Unlike other impact categories that share a 
global medium, such as ozone depletion and climate change, the physical land-use impacts 
usually affect regional scales and therefore generic models are of limited use. Spatially- 
explicit models can represent the reality of the impacts more accurately. Other impacts that 
would benefit from spatial differentiation include acidification (e.g. Potting et a l, 1998). It is 
therefore limiting for an LCA study not to take into account this location dependency, 
because impacts may be different even for the same inputs and outputs.
3.3.2 Review of specific land-use midpoint impact categories
Land use impacts refer to the change in land quality over a certain period of time (Milà i 
Canals et a l, 2007a) that arise as a result of land occupation (by maintaining an altered 
quality state which would not otherwise be present) and transformation (by purposefully 
changing the land’s features). As a result, both types of impacts can be measured by 
multiplying the change in land quality (which requires appropriate indicators and reference 
systems) with time (Milà i Canals et a l, 2007a). The focus has previously been mainly on the 
impacts of land transformation. However, occupation impacts may also be substantial, as land 
under agriculture maintains a lowered level of environmental conditions and functions in 
relation to a reference system.
Life Cycle Impact Assessment (LCIA) consists of classifying the different inputs and 
emissions (i.e. inventory results) to express their significance in terms of contributions to a
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recognised set of pre-defined environmental impact categories through category indicators, 
models and characterisation factors (classification and characterisation). Despite the 
comprehensive models regarding chemical emissions and the associated impact categories 
(climate change, acidification, eutrophication, ozone depletion), as well as the inclusion of 
some resource usages (including energy resources), the physical impacts of land use -  on 
climate, biodiversity and ecosystem services -  are often neglected, partly because of lack of 
consensus on best approaches, methods, indicators and data gaps (Reap et a l, 2008b), which 
remain despite efforts to fill them (European Commission, 2010a; Udo de Haes et a l, 2002). 
Until recently, land use impacts on ecosystem services have been addressed only in terms of 
impacts on soil quality and/or life support functions. In order to increase the quality of LCA, 
standardised methods are needed to enable comparability among different studies. However, 
no robust methodology has yet emerged.
3.3.2.1 Land use impacts on resource depletion
As a resource, land is important and constrained (see Chapter I). Competition for land use (in 
terms of ha-yr not available for other uses) has been addressed before (e.g. Guinée et a l, 
2 0 0 2 ), principally in the cultivation stage of the life cycle of an agricultural or silvicultural 
product. Regardless of the importance of resource depletion, this section is concerned with 
the impacts of land use on the environment. These include impacts on biodiversity and an 
array of ecosystem services, as well as those on climate.
3.3.2.2 Land use impacts on water
Freshwater is a finite resource that is essential and irreplaceable for the support of life on 
Earth. Not only is it the basis for food supply, it is also indispensable for biodiversity and 
ecosystem functions and services, upon which we all depend. However, the decrease in 
availability of freshwater resources threatens the livelihoods of more than 1 billion people 
globally (World Water Assessment Programme, 2009) who lack safe drinking water. Water 
scarcity also compromises food production and, hence, food security.
Food production requires a significant amount of water, without which crop yields would not 
be sustained. Agricultural irrigation represents around 70% of the present global freshwater 
consumption (Millennium Ecosystem Assessment, 2005; World Water Assessment 
Programme, 2009). Increasing water scarcity is, therefore, one of the most concerning 
environmental impacts, with important repercussions for fundamental societal aspects, such
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as food security, and also for ecosystems and biodiversity. Furthermore, water is used not 
only at the crop production stage but also at all other life cycle stages of land-based products.
The importance of water has been recognized in several guidelines for the assessment of the 
environmental impacts of products, e.g. ILCD handbook (European Commission, 2010a, 
2010b), the European Food Sustainable Consumption and Production Round Table (Peacock 
et a l, 2011), the Water Footprint Assessment Manual (Hoekstra et a l, 2011) and the ISO 
standards on Water Footprinting that are currently being developed.
Outside of LCA, two approaches assess water use: virtual water (Allan, 1998) and water 
footprint (Hoekstra and Hung, 2002). Until recently, impacts on the water balance have 
largely been ignored in LCA (Reap et a l, 2008a) with the exception of Cowell (1998), who 
suggests a method to take non-rain water use efficiency into account, and Stewart and 
Weidema (2005), who propose a consistent framework within which the impacts fi*om 
resource use (including water) can be assessed. Since then, increasing attention by the 
research community is being paid to fresh water. There are several developments (Bayart et 
a l, 2010; Bosch et a l, 2007; Hauschild and Wenzel, 1998; Heuvelmans et a l, 2005; Milà i 
Canals et a l, 2009; Nùnez et a l, 2010; Peters et a l, 2010; Pfister et a l, 2009; Ridoutt and 
Pfister, 2010), including those fi*om the project currently being developed under the 
UNEP/SETAC Life Cycle Initiative. Some of these methods include, for example, exergy 
concepts, while others focus on different impacts (diseases, undernourishment, impacts from 
dams, etc.). Site-dependent characterisation factors for the main impact pathways for 
freshwater use have been developed by Milà i Canals and co-workers (2009) and by Pfister 
and co-workers (2009).
It is not the purpose of this section to review each of these methods but a very comprehensive 
review has been made by Berger and Finkbeiner (2010). It is evident that the robust 
integration of operational assessment methods for water use into LCA will strengthen the 
significance of LCA as a décision-support tool; however, water use considerations will not 
form part of the assessment in Chapter IV.
3.3.2.3 Land use impacts on biodiversity
Most of the land use impact assessment methods for LCA have focused on measuring 
biodiversity impacts, which resulted in the development of methods (e.g. Cowell, 1998; 
Geyer et a l, 2010; Koellner et a l, 2008; Koellner and Scholz, 2008; Michelsen, 2008; 
Schmidt, 2008; Scholz, 2007), some with reference to the difference in the density of plant
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species per unit area of a particular land use as compared to a reference state as an indicator. 
Although there is no consensus on biodiversity definition and measurement, there is no 
legitimate reason to exclude biodiversity fi*om assessment in LCA (Cowell, 1998). An LCIA 
method for land use impacts on ecosystem services and biodiversity is developed and 
reported on in Section 3.3.3.
3.3.2.4 Land use impacts on soil quality
Apart fi*om biodiversity, other methods have been developed for assessing soil quality, 
including yield, or other parameters such as compaction and erosion as indicators. Soil is the 
most important resource for land-use systems, and its quality is adversely affected by land 
use by humans. The measure of soil quality, or of life support functions of land, is not simple. 
Soil quality refers to the ability of soil to sustain life support functions, e.g. biotic production; 
substance cycling and buffer capacity; climate regulation (Milà i Canals, 2003; Milà i Canals 
et ah, 2007c).
The link between carbon and soils is not only through the biomass it supports on its surface, 
but also through the biological and organic matter therein.
The loss of rooting depth for crops and reduced water holding capacity resulting Jfrom erosion 
have obvious consequences for the soil’s ability to function and to sustain biomass (Van- 
Camp et a l, 2004). In addition, the soil lost by erosion is the most fertile topsoil. Erosion -  
i.e. the loss of soil particles by wind and water - represents an important loss of nutrients 
leading to reduced chemical fertility. Pimentel and co-workers (1995) estimate that, in the 
last 50 years, around 30% of the world’s arable land area has been lost due to erosion. Its rate 
is determined by both natural factors and anthropogenic activities: soil type, texture, soil 
organic carbon (SOC), slope gradient, climate, and land use, management and cover. 
Agricultural land use is one of the main drivers of erosion in Europe (Van-Camp et a l, 
2004). Cowell and Clift (2000) propose erosion -  measured by changes in soil mass - as an 
indicator for soil quality because the physical loss of soil undermines and decreases the 
potential of soil to perform its functions, and suggest that soil erosion should be included in 
the abiotic resource depletion impact category (Cowell, 1998). Whereas erosion may be an 
appropriate indicator for the agricultural (or other biotic production) phase of the life cycle, it 
may be less suitable for other phases. In cases where soil is sealed (e.g. urban areas, roads), 
erosion may not be a suitable indicator for soil quality, since there is no soil erosion as such
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and yet soil quality may still be decreasing. Another limitation of this indicator is that it 
cannot be monitored over large areas or regions (Van-Camp et a l, 2004).
Salinisation has also been proposed as an indicator for land-use impacts (see Feitz and 
Lundie, 2002). Salinisation -  i.e. the increase in concentrations of salts in soil due to poor 
irrigation and other agricultural practices including land clearing -  is another form of soil 
degradation. It may inhibit crop production by reducing the ability of plant roots to take up 
water through certain toxicological/allellopathic effects (or nutrient unavailability). 
Salinisation is a local problem as there are areas more prone to it than others; it is the main 
cause of degradation in some dry/arid regions where irrigation is common practice. As for 
erosion, this indicator may not be meaningful for sealed soils or stages of the life cycle 
outside the agricultural stage. On the other hand, where salinisation occurs other indicators 
for soil quality will be less relevant.
Indicators related to ecosystem thermodynamics have also been proposed for assessing land 
use impacts. Energy-related parameters, such as emergy and exergy, have been proposed for 
the assessment of the environmental impact of systems, (e.g. Huijbregts et a l, 2006; Odum, 
1988; Wagendorp et a l, 2006) but are more appropriate for the assessment of industrial 
systems than for the biotic stages of product systems. Thermodynamic indicators are not 
pursued in this work.
Soil microbial biomass refers to the biota in soil. Soil organisms are crucial in the ecological 
functioning of the soil, despite their disproportionate share in both volume and weight of the 
soil. Indeed, their importance has been recognised by a number of international treaties and 
organisations (UN-CBD, UNFCCC, UNCCD, OECD, FAQ) (Van-Camp et a l, 2004). Their 
importance for the productive and environmental functions of the soil arises from their 
functions (Van-Camp et a l, 2004):
• mineralising CM and nutrients,
• cycling nutrients,
• degrading pollutants,
• controlling pests,
• improving soil structure,
• fixing CO2, and
• producing soil organic matter (SOM).
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Given the fundamental role of biota in soil health, microbial biomass and diversity have also 
been proposed as good indicators for land-use impacts. Peixoto and co-workers (2006) found 
that soil bacterial communities were extremely sensitive to land management, which supports 
the adoption of this indicator. Microbial biomass is positively correlated with SOC, which is 
due to the fact that soil biota is sustained mainly by organic matter. However, when in excess, 
microbial populations can lead to the priming effect -  a situation where soil carbon is 
depleted through its consumption by microbes, so that respiration rates increase and the soil 
becomes a net CO2 emitter.
As an indicator for land-use impacts, microbial biomass is limited by difficulty of 
measurement, despite the availability of standardised methods for its determination 
developed by ISO (TCI90/SC 4). Furthermore, no quantitative relationship has yet been 
established between quantity of soil organisms, soil quality, and biomass production, partly 
because less than 10% of soil microflora species are known (Brady and Weil, 1999).
Related to microbial biomass is Soil Organic Matter (SOM), which has also been proposed as 
an indicator for land-use impacts. SOM includes both living organisms and dead organic 
material at different stages of decomposition; it has a diverse composition and a complex 
origin, and parts of it (such as humus) have a structure that is still poorly understood (Van- 
Camp et a l, 2004). Despite the relatively minor quantity in soil (0.1 -  10%), SOM plays an 
important role as a soil constituent and as source of food and energy for soil biota. Therefore, 
SOM is at both ends of the food chain and is thus a keystone for soil functioning. Section
6.3.3 of Annex A elaborates on the relationships between SOM and several soil functions. 
Milà i Canals and co-workers (2007b; 2007c) and others have argued that SOM can be used 
as an indicator for soil quality within LCA of agricultural systems: an increase in soil organic 
matter due to the soil management practices implies a benefit, whereas any decrease in SOM 
is accounted as damage. Following the common LCA approach of “less is better”, a lower 
SOM deficit is an indicator of reduced impact.
The author considers SOC a good indicator for soil quality (or for the ability of ecosystem to 
provide services) and it is therefore used in this work. However, SOC gives no indication of 
above-ground biodiversity. It is clear that a more comprehensive assessment of land-based 
products that includes the impacts of land use on additional midpoints, such as climate 
change, biodiversity and ecosystem services, is needed for meeting the objectives of this 
study.
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3.3.2.5 Land use impacts on life-support functions (LSF)
Some authors have suggested production-based indicators as proxies for life-support 
fiinctions in general, e.g. Weidema and Lindeijer (2001). These indicators are based on the 
rate of accumulation of biomass in land, determined by two fundamental ecosystem 
processes: photosynthesis and respiration. These processes are closely linked to the carbon 
cycle (see Chapter II).
The total amount of CO2 that is fixed by plants through photosynthesis is referred to as Gross 
Primary Production (GPP). Subtracting fi"om that the amount of CO2 lost through plant 
respiration (Rp), results in Net Primary Production (NPP): NPP = GPP -  Rp.
It may be argued that the NPP is a good indication of the health of the ecosystem. The 
impacts related to the artificial fertility made possible by fertiliser use are already accounted 
for in other impact categories (i.e. Eutrophication Potential). The limitation with this type of 
indicator is that it may be completely determined by the particular management regime to 
which the land is subjected (e.g. high crop yields sustained by fertiliser use) and/or short-term 
natural factors (e.g. weather). The use of NPP is made easier by the current existence of 
global maps of NPP based on GIS data (Haberl et a l, 2007).
Free NPP (fiSTPP) is the amount returned to nature after human consumption of NPP. The 
difference is termed Human Appropriation of Net Primary Production (HANPP), a term first 
coined by Vitousek and co-workers (1986), and has been used as a general indicator for the 
human impact on the environment (see Chapter II).
Further to NPP (which is commonly measured in terms of carbon), if we also account for the 
additional metabolic activity (respiration) of heterotrophs and decomposers (Rh and Rd, 
respectively), we get to the concept of Net Ecosystem Production, i.e. the net amount of 
primary production, after respiration of plants, heterotrophs and decomposers are included. 
Therefore, NEP = GPP -  (Rp + Rh + Rd). This indicator includes changes in both soil and 
above-ground biomass. The measure of NEP is of great interest in determining the CO2 
balance between one ecosystem (or many, or the biosphere as a whole) and the atmosphere 
(Odum, 1971). A further refinement of this concept has been proposed by Chapin and co­
workers (2006): the Net Ecosystem Carbon Balance (NECB) which, in addition to carbon 
fixation and respiration, also includes other carbon fluxes and inorganic C: leaching loss, or 
lateral transfer of carbon from the ecosystem, like crops; the emission of volatile organic C,
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methane, and carbon monoxide; and the release of soot and CO2 from fire (Chapin et a l, 
2006).
None of the above approaches and indicators is suitable for assessing land use impacts on 
ecosystem services and biodiversity. The following section aims at addressing this gap.
3.3.3 Developing a LCIA method for biodiversity and ecosystem services
As discussed above, change in the carbon stock of ecosystems is a relevant aggregated 
indicator of the impacts of land use at the ecosystem level, as changes in biomass output have 
a range of environmental impacts, including biodiversity and carbon sequestration. The 
relationship and overlap between carbon stocks and biodiversity is explored by Strassburg 
and co-workers (2 0 1 0 ), who found a strong association between carbon stocks and species 
richness. They calculated the Spearman’s rank (rs) correlation coefficients for the relationship 
between carbon and several biodiversity indices across all ecosystem types. The resulting 
rs=0.82 suggests a strong correlation. This correlation, coupled with the close relationship 
between SOC, SOM, ecological soil functions and ecosystem services, suggests that changes 
in the ecosystem’s carbon balance is a good indicator for land use impacts on ecosystem 
services and biodiversity.
The indicator for impacts on ecosystem services and biodiversity proposed here is based on 
an extension of the concept of impacts on soil quality through changes in SOC as defined by 
Milà i Canals (2003) and Milà i Canals et a l (2007c). The difference introduced is the 
inclusion of above-ground biomass that, together with SOC as a representation of soil quality, 
provides an indication of the impacts on ecosystem services and biodiveristy. The total of 
SOC and carbon in both above- and below-ground biomass is termed Ecosystem Carbon 
Stock (ECS) (Brandao et a l, 2010).
The magnitude of the change in ECS -  termed here Human Appropriation o f Ecosystem 
Carbon Stock (HAPECS) - is therefore proposed as a proxy indicator for impacts on 
ecosystem services and biodiversity within LCA of land-use systems: an increase in 
HAPECS due to the land management practices implies damage, whereas any decrease is 
accounted as a benefit to the system. The units of HAPECS are ’’carbon tonne-year”. This 
indicator includes the carbon foregone as a result of removal of land cover through land-use 
change, regardless of the time elapsed since it actually happened. The reference system is the 
natural regeneration to the potential land cover.
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The general formula used to calculate characterization factors (CF) for the different land-use 
elementary flows is shown in Equation 3.2 (Brandao et a l, 2010); see Figure 3.7 for an 
illustration of the formula’s parameters.
V fin  ^ini )
Here ECSpot is the potential level of ECS if land is left undisturbed (e.g. as temperate forest); 
ECSini is the ECS level at the start of the land use studied; ECSfm is the ECS level at the end 
of the cultivation period; tini is the moment when the studied land use starts; at tfm the land use 
finishes; at treiax, the carbon stock has reverted to the level prior to land use; and treiax,pot is the 
time when the system reaches its potential level, treiax may be calculated from the relaxation 
rate R (see below). Equation 3.2 assumes very simplified evolution of provision of ecosystem 
services and biodiversity. The first component of the numerator refers to the impacts due to 
the postponed relaxation of the system (blue area in Figure 2), whereas the second component 
corresponds to the triangle in red, referring to the impacts due to the change in provision of 
ecosystem services and biodiversity during the occupation. The denominator serves to 
express the characterization factors per ha-yr (all the ECS values are expressed per ha).
The following assumptions have been made:
• As justified above, the magnitude of the difference between the actual and the 
potential amounts of carbon in both biomass and soil is proportional to the 
impairment of the ability of ecosystems to provide services and to the impact on 
biodiversity, since these are directly and indirectly affected by the presence of carbon 
in biomass and soils.
• There is no change in the ability of land to provide ecosystem services and to support 
biodiversity in the potential land quality (i.e. constant ECSpot).
• Changes in ECS due to land use have been assessed relative to a situation where this 
activity is not undertaken. Thus, natural relaxation has been used as the reference 
system (Milà i Canals et al., 2007a).
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Figure 3.7 Impacts on ecosystem services and biodiversity measured by changes in ECS (adapted from Milà i 
Canals et al., 2007a). The polygon represents a deficit in the ecosystem carbon stock due to the studied land use 
relative to its potential level in the ecosystem. This deficit is assumed proportional to the impact on ecosystems 
and biodiversity, hence its choice as a proxy indicator.
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3.4 Methodological issue 3: Land-use impacts on Climate
This seetion identifies the links between land use and elimate change, and reports on the way 
this has been dealt with under the Kyoto Protocol accounting and associated IPCC 
methodology. By reeognising the importanee of timing issues in the assessment of climate 
change impaets, this section also reviews existing approaches (e.g. PAS2050) and the 
limitations of using relative Global Warming Potential (GWP) in assessing the eontribution 
of GHG balanees to elimate change. Finally, different methods that address temporary carbon 
storage (or lack thereof) are reviewed, and an approach is proposed for that effect.
Since terrestrial ecosystems play an important role in the carbon cycle, the foeus here is on 
the impaets of land use on climate ehange, through carbon emissions and sequestration in 
plants and soil - or laek thereof -  and the importanee of time as a parameter. This section, 
therefore, focuses on the carbon balance, its perturbation by humans, and the influence of 
land use on the exehange of earbon dioxide (CO2) between the atmospheric and the terrestrial 
earbon pools; the latter ineluding vegetation and soil.
Land use and land-use ehange influenees the climate system in various ways, in partieular by 
influencing radiative foreing through (Müller-Wenk and Brandao, 2010):
• releasing GHGs that were previously stored in biomass and soil, and resulting in an 
inerease in the eoneentration of GHGs in the atmosphere;
• ehanging the albedo of the earth, influencing the absorption of solar radiation; and
• changing the évapotranspiration rate, influencing the degree of eloudiness.
This thesis focuses on the first of these impaet pathways.
In order to caleulate the carbon flows associated with a particular land use and land-use 
change, it is neeessary that the location is known as it determines potential vegetation. This 
potential land eover can serve as the referenee land use against whieh other land uses are 
measured. Figure 3.8 shows a global map of Potential Natural Vegetation, eontaining the 
biomes identified in Chapter II, whieh may help finding the corresponding biome of a given 
loeation where the land use activity takes place.
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Biome Type
Tropical Forest 
Temperate Forest 
Boreal Forest 
Savanna/Dense Shrubland 
Grassland/Steppe 
Tundra
Open Shrubland/Desert/Rock/lce
Potential Natural Vegetation
Figure 3.8 Global map of Potential Natural Vegetation (Forster et a l, 2007)
This map of potential natural vegetation may be compared with Figure 3.9, which displays 
the areas that have been transformed by humans into cropland and pasture until year 1990. It 
is clear that temperate forest, grassland and savannas are the biomes which have suffered 
most transformation.
Cropland
Pasture
1990
Figure 3.9 Global map of areas converted into cropland or pasture until year 1990 (Forster et a l, 2007)
The conversion of these areas was accompanied by a release of carbon from the biosphere 
pool and into the atmosphere pool, thereby increasing the atmosphere’s concentration of CO]. 
Unlike fossil fuels, the direction of the flow can be reversed in reasonably short time-periods. 
Indeed, the natural colonisation and succession of plants after a land disturbance would
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usually ensure that the potential natural vegetation is re-established relatively rapidly 
following the end of human intervention. This regeneration is spontaneous and termed 
‘relaxation’ in LCA and is assumed to develop towards a quasi-natural land state. Therefore, 
all land uses and land-use changes, however malign, have the potential to be reversed to a 
quasi-original state, depending on the time they are left to “relax” (see Seetion 3.3.3).
3.4.1 The Kyoto Protocol (United Nations, 1998) and IPCC methodology
The Kyoto Protoeol permits eountries to meet their commitments not only by reducing 
emissions of greenhouse gases from combustion and similar processes, but also by inducing 
land-use ehanges with favourable carbon balances. Indeed, article 3.3 of the Kyoto Protoeol 
states that "... the net changes in greenhouse gas ... resulting from direct human-induced land- 
use change and forestry aetivities, limited to afforestation, reforestation and deforestation 
since 1990 ... shall be used to meet the eommitments...". In addition, article 3.4 states that “... 
the COP [Conference of Parties]... shall decide upon ... whieh additional human-indueed 
activities related to ehanges in greenhouse gas emissions by sources and removals by sinks in 
the agrieultural soils and the land-use change and forestry categories shall be added to, or 
subtracted from, the assigned amounts ..." (United Nations, 1998; Watson et a l, 2000). 
Although the preeise meaning of these passages may not be fully clear, it is evident that the 
Kyoto Protoeol:
• includes eredits for anthropogenie land-use aetivities that avoid or compensate for 
fossil greenhouse gas emissions;
• adopts the status of the land in year 1990 as the reference land use; and
• limits land-use activities to the agrieultural and silvieultural sectors.
In contrast, LCA quantifies the different environmental impacts that arise fi*om anthropogenie 
land use, and no credits for abstaining from exeeuting an intervention are awarded. 
Furthermore, the arbitrary ehoice of the year 1990 as the referenee land use is not obvious for 
LCA. LCA eompares the land’s environmental burdens, as caused by anthropogenic land-use 
aetivities, with those fi"om one of the following four referenee situations that would exist at 
that same location (see Section 3.3.3):
• one eonsisting of a mix representing the current state of land; or
• one whieh can consist of the most likely alternative land use (consequential
perspeetive); or
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• one that can consist of the land use that develops without human influenee and 
potentially achieves the natural land eover of that area (relaxation); or
• one consisting of the natural or a semi-natural land cover (i.e. Potential Natural 
Vegetation).
Carbon accounting related to land use, in the context of the Kyoto Protocol, focuses on the 
credits (or debits) from carbon storage in (or release from) vegetation and soil for a period of 
time, whereas in the context of LCA, the focus is on quantifying the magnitude of the carbon 
transfers between the biosphere and the atmosphere resulting from land-use activities at a 
given loeation within a particular area and time period. In LCA there may also be negative 
emissions, if the land-use activity under assessment leads to storage of carbon in land from 
the atmosphere in relation to the reference system.
The scientific knowledge made available by IPCC in the eontext of the earbon cycle is a 
valuable and authoritative souree of data for determining carbon balances assoeiated with 
land use. Moreover, the inereasing acceptance and implementation of the carbon accounting 
methods developed under the Kyoto Protocol in most of the world eontribute to data quality 
improvement. But in the light of the aforementioned differenees, care must be taken when 
using these data for LCA in order to ensure that it is done in an appropriate way.
There is an important coneeptual difference between the LCA and the IPCC methodologies 
with respect to carbon accounting. The IPCC method focuses on aetual flows oeeurring in a 
given year, as they can be physieally observed or approximately derived from observations. 
In their fourth assessment report (FAR) the annual "land use ehange flux" in the 1990s is 
estimated at 1.6 GtC/yr, while fossil fuel use and eement production generate 6.4 GtC yr'^  
(Denman et a l, 2007). These figures refer to aetual physical transfers of CO] to the 
atmosphere that oecurred in the corresponding period, regardless of the time the event 
originating it took plaee. As a justification, the IPCC acknowledges the existence of a 
"legacy" (Denman et a l, 2007) of CO] flows that physieally occur in the years and deeades 
succeding the execution of a land use change. In contrast, the LCA methodology aims at 
capturing all present and future effects originating from the human activity under assessment. 
In eonsequence, all CO] flows caused by a human economic activity are added up in LCA, 
irrespective of the time of their oecurrence. Nonetheless, it is common in LCA for impacts 
(such as those associated with land transformation) to be alloeated over a finite number of 
years, usually 20 (See Section 3.2.4).
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3.4.2 The Publiely Available Specification 2050 (PAS 2050)
In the UK, emissions and sequestration of biogenic earbon (C) is increasingly reeognised as 
something that must be accounted for. For example, a joint endeavour by Defra, the British 
Standards Institute and the Carbon Trust resulted in the publieation of guidelines for the 
assessment of the life cyele greenhouse gas (GHG) emissions of goods and services: the PAS 
2050 (BSI, 2008). The inclusion of land-use changes (LUC) in this standard is an 
improvement over standard approaches to carbon footprinting that omit them. This is 
particularly important in the assessment of biofuels and other land-based products. It is 
unfortunate that the recent review of PAS 2050 (BSI, 2011) has backed away from the step 
forward taken in the 2008 document.
Land-use changes are taken into account but only those changes that oeeur after 1 January 
1990 (20 years before the present in the revised version). Carbon emissions from both 
vegetation and soil are taken into aecount. The guidelines exclude GHG emissions from 
indireet land-use change and therefore exclude a eonsequential approach to the analysis. 
When determining GHG emissions arising from land-use change, the worst case seenario for 
current land use and for land-use change is to be adopted if the former land use or the country 
of origin is not known: the default value is 37 t C0 2 -eq ha"^  yr'^  and represents conversion of 
Brazilian or Malaysian forest land to annual cropland. This value is based on the IPCC 
guidelines (2006) and is aseribed equally among the subsequent 2 0  years of annual cropland 
following conversion. The choice to amortize land-use ehange emissions over 20 years is not 
explained, but the author assumes that it follows the average 2 0 -year period between steady- 
states in soil carbon stocks following land transformations adopted by the IPCC. The default 
values for land-use ehanges were changed to less extreme values in the revised version.
The PAS2050 only aceounts for emissions assoeiated with transition from previous land uses 
(forest land and grassland) to current land uses (annual cropland and perennial cropland) by 
recommending four default values for land use ehange in sixteen different eountries. 
Countries specified do not inelude some bio-regions (sueh as the Mediterranean) for whieh 
different values could be found. South and North Ameriea, Oeeania, Central and Northern 
Europe, South and South-East Asia and Southern Africa are represented; all the other bio­
regions are not.
Emissions from waste (excluding biogenic CO]) are allocated to the produet that generated 
them and, in the ease of open-loop recycling (e.g. biogas from methane from waste), no
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consideration is given to whether the methane is from a biogenie source. If from a fossil 
source, emissions are alloeated to the energy produced.
In addition, the PAS2050 excludes the biogenie earbon sequestered and emitted by the 
photosynthesis and combustion of biofuel, despite aeeounting for earbon storage in other 
products. However, some perennial energy crops are managed in long rotations and therefore 
the earbon storage should be accounted for, just as in any other product that stores earbon 
and, thus, benefits from a credit under the PAS 2050 guidelines.
In terms of wood products, the PAS 2050 approach follows the recommendations by Clift 
and Brandao (2008) for aeeounting for carbon storage and delayed emissions and gives credit 
to those products that store carbon, but this is only for the time earbon is stored in the product 
from manufacture and not from earlier earbon sequestration, i.e. tree growth. A more detailed 
analysis can be found in Clift and Brandao (2008). This approach is based on the Lashof 
method (see Seetion 0), which accounts for carbon storage in biomass by looking at the effect 
of delaying an emission on radiative forcing, integrated over a 100-year period. The formulae 
used in PAS 2050 are a linear approximation of the integral. There is no discounting applied 
but a temporal cut-off is used, since any emissions occurring more than 1 0 0  years after the 
sale of the product are not considered. The same concept could be applied to other GHGs, 
even though this is not done in the standard, as all the GHG emissions are transformed into 
kg C0 2 -eq before applying the delay credit. However, the model equations would need to 
allow for reaction as well as removal from the atmosphere.
Despite the limitations identified above, the author salutes this standard, as it represents a 
sound basis for an improved carbon-footprinting method, such as those currently being 
prepared by ISO and the WRIAVBCSD. It is the first standard on carbon footprinting and 
includes all of the following: a life cycle perspective, all GHGs (including some of biogenic 
origin) and, with particular relevance, includes emissions from land-use change and earbon 
storage using the method summarised in Seetion 3.4.3.1.
3.4.3 Time dependency
LCA has mainly been used as a steady-state tool which excludes any temporal 
considerations. All emissions of a given pollutant throughout the life cycle of the products 
under assessment are typically added into a single aggregate emission, regardless of the time 
when they occurred. All emissions throughout the life cycle are therefore treated equally, and 
any temporal information is lost. Subsequently, in LCIA the aggregate LCI emissions are
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characterised in terms of their contribution to a particular impact category, such as climate 
ehange. However, in some cases the timing and rates of release may be important. Indeed, 
the removal of a pollutant (e.g. CO] from the atmosphere), or the delay in releasing the 
emission leading to the impact when compared to a reference situation where the emission 
takes place instantaneously as a result of a process in a supply chain, warrants an 
environmental benefit. In this case, a simple mass-balance does not do justice to the impaet 
because it ignores the time the damaging emission spends in the medium (e.g. atmosphere) 
where it causes the impact in question, and this ought to be reflected in the LCAs of 
products'^ . Similarly, many ecosystems obey certain concentration thresholds or “tipping 
points” above whieh the impact changes; e.g. flooding, acidification. This non-linearity 
between interventions and impacts is usually not accounted for, as average figures are used.
Time-horizons are commonly adopted in estimating impacts and these vary between impaet 
categories, which may be arbitrary and in need of harmonisation and consistency. The time- 
horizons chosen over which impacts are integrated represent subjective time preferences and, 
hence, are not consensual and free from controversy. Analogous to economic assessments, 
the issue of discounting future impacts in environmental assessments is not a value-free 
choice. When measuring climate change, for example, LCA practitioners and other 
researchers commonly adopt one of three time-horizons within which the radiative forcing 
effect of the different climate-changing emissions may be compared, and after which impacts 
are ignored. However, it is arguable that the adoption of finite time-horizons is incompatible 
with a sustainability paradigm where intergenerational equity is a fundamental concept. 
Nonetheless, given the need for urgent action related to climate-change mitigation, as well as 
the general consensus that exists in the adoption of finite time horizons for GHG aeeounting, 
there is a ease for choosing consistency with these current value choices. In addition, an 
infinite time-horizon would mean that GHGs that are short-lived relative to CO] would 
become insignificant (see Seetion 3.4.3.1).
For example, product A emits 1 tonne o f Carbon in year 1 and sequesters the same amount in year 2, whereas 
product B also emits 1 tonne o f carbon in year 1 but only sequesters the same amount o f carbon in year 11. 
When comparing these two products from a mass balance perspective, they are both carbon-neutral (ceteris 
paribus). However, product A is responsible for the presence in the atmosphere o f 1 tonne o f carbon for one 
year, whereas product B is responsible for the same quantity o f carbon but for a residence period ten times 
greater. Product B is, thus, more damaging than product A (but not necessarily by 10 times, as the function 
accounting for residence time is not linear).
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3.4.3.1 Atmospheric residence of GHGs, radiative efficiency and GWPs
Figure 3.10 shows that the different main GHGs have varying residence times in the 
atmosphere. Carbon dioxide, in particular, is very long-lived and, hence, excluding its 
radiative foreing after a finite number of years will underestimate the relative importance of 
CO2 relative to other GHGs (e.g. Bemtsen and Fuglestvedt, 2008; Shine, 2009). When 
assessing the impacts on climate change, the radiative forcing of all GHGs are ineluded, but 
in addition to the varying residence times, radiative forcing potencies per molecule or kg also 
varies (Watson et a l, 2000). The cumulative radiative forcing of a GHG is termed Absolute 
Global Warming Potential (AGWP) and depends on the atmospheric residence time of that 
GHG and its radiative efficiency. Methane and nitrous oxide are shorter-lived than carbon 
dioxide (see Figure 3.10) but have much greater radiative efficiency (see Table 3.6). A 
characterisation factor for each gas is therefore used, allowing the total contribution from all 
GHGs to be expressed as a single value in units termed COi-equivalents (C0 2 -eq.).
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Figure 3.10 Fraction o f  a GHG em ission pulse remaining in the atmosphere throughout the subsequent 
1000 years, calculated according to IPCC’s parameterized decay function (equation from Forster et a l ,  2007).
Table 3.6 Radiative efficiency of the three main GHGs (Forster et a l ,  2007)
Radiative efficiency 
(W m'^  ppbv"')
Carbon Dioxide 1.4x10'^
Methane 3.7x10"^
Nitrous Oxide 3.03x10'^
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The CO2 response function used here comes from the IPCC’s FAR (Forster et ah, 2 007), and 
is based on the revised version of the Bern Carbon cycle model using a background CO2 
concentration value of 378 ppmv. The decay of a pulse of CO2 with time t is given by 
Equation 3.3 , which can be rewritten as shown in Equation 3.6. The response functions for 
C H 4  and N2O are given by Equations 3.7  and 3.8 , respectively.
3
=  (Eq.3.3)
ml
where ao = 0 .217 , ai =  0 .259 , a 2  =  0 .338 , as =  0 .186 , xi =  172.9 years, %2 = 1 8 .5 1  years, and 13 
=  1.186 years
fif)co, =  0 .2 1 7 +  0.259e"'^^^^^ +0.338e"'^^^-^' + 0 .1 8 6 e " '^ '' '^  (Eq. 3.4)
(Eq.3.5)
(Eq.3.6)
AGWPs are calculated by integrating the radiative forcing (in W m'^ ) of an emission pulse of 
CO2 (e.g. 1 kg) over a particular period, which is usually 2 0 , 1 0 0  or 500 years. The radiative 
forcing of non-C0 2  emissions is measured relative to the integrated radiative forcing of CO2 
over that period (relative GWPs). The mathematical expression to evaluate GWP is given in 
Equation 3.7  (Forster et al., 2007).
TH
J  RF  ^{t)dt
GWP = TH (Eq. 3.7)
where TH is the time horizon.
Table 3.7  shows the GWP, at three different time periods (20, 100 and 500  years), of three 
GHGs that are most relevant to land use.
Table 3.7 Absolute and Relative GWPs (extrapolated from Forster et a l ,  2007)
Absolute GWPs 
(W m-^yrkg-')
Relative GWPs 
(C02 -equivalents)
Integration over subsequent time (years) 0-20 0-100 0-500 0-20 0-100 0-500
Carbon dioxide CO2 2.47 xlO''^ 8.69 xlO'*^ 2 .8 6 x 10'" 1 1 1
Methane (CH4) 1.78 xlO''" 2.17x10''^ 2.17x10'" 72 25 7.6
Nitrous Oxide (N2O) 7 .1 4 x lO '\ 2.59x10'" 4.38x10'" 289 298 153
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Relative GWP is widely used when assessing products for their contribution to global climate 
change in LCA and carbon footprinting. The relative GWP of each GHG is a metric 
commonly used as the characterisation factor for that GHG for the midpoint impact category 
Climate Change or Global Warming. The most widely-used time period for global warming 
is 1 0 0  years (GWPioo). This time-period is used in the Kyoto Protocol and is subject to 
support by most people who calculate GHG impacts and subject experts (e.g. Bemtsen and 
Fuglestvedt, 2008; e.g. Feamside, 2002c), including most LCA practitioners, but it is also 
subject to criticisms by others, due to e.g. its simplicity and the absence of a discount rate 
(Forster et a l, 2007; Shine, 2009).
Under unlimited or infinite undiscounted time frames, there would be no difference between 
present and delayed emissions, and the temporary storage of GHGs would not be accounted 
for. However, given that the 100-year time frame is well established in the research 
community and in policy-making circles, it makes sense to adopt it here. The appropriateness 
of this time period is discussed at length in Feamside (2002c). The following sub-sections 
will elaborate on existing protocols and standards, and associated methods and 
methodological issues. Finally, a proposal is made on how to account for temporary GHG 
storage.
Other than residence time, there is no difference in the radiative forcing of biogenic and 
geogenic (i.e. fossil) CO2 emissions. The difference arises because whenever there is a 
transfer of carbon between the biosphere and the atmosphere, it results in an opposing effect 
due to the balancing CO2 concentration gradient between the carbon pools in question. For 
example, buming 1 ha of a tropical forest will release carbon to the atmosphere, the full 
amount of which will be sequestered subsequently in the same hectare the natural forces are 
allowed to work. If the land-use change is permanent, there is no reason to differentiate the 
impacts from the biogenic emissions arising firom it with those from the release of a similar 
amount of fossil carbon. In this sense, biogenic carbon emissions (due to changes in 
biospheric carbon sinks) are reversible, whereas fossil carbon emissions are practically not 
(due to the excessively slow time the opposing process takes to reverse the flow). 
Furthermore, carbon in the atmosphere obeys a decay function, whereas carbon in the 
biosphere or anthroposphere can be stored at constant levels up to a certain point.
Although GWPs are widely accepted and used as characterisation factors for various GHG 
emissions in LCA, they mainly refer to fossil sources and neglect the biosphere. The 
inclusion of biogenic carbon emissions and its temporary additional storage in GWP
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calculations is both uncommon and inconsistent (Milà i Canals et a l, 2007b). Indeed, 
biogenic carbon emissions and sequestration are usually excluded with the argument that 
these cancel each other out. This is correct, but misses the point that the widely-used adoption 
of a finite period of time under which radiative forcing is assessed (and outside which 
radiative forcing is ignored) implies a time preference. In order to be consistent with this 
approach, the sequestration and temporary storage of carbon can be credited. Two approaches 
have emerged that account for this: the Moura-Costa and Lashof methods (see Feamside et 
a l, 2000; Moura Costa and Wilson, 2000; Watson et a l, 2000).
3.4.3.2 Accounting for temporary carbon storage: timing issues and reversibility
As opposed to the PAS2050 (see Section 3.4.2), the Kyoto Protocol is solely based on carbon 
stock changes and IPCC’s GWPs and gives no consideration to any additional, albeit 
temporary, storage of carbon in the biosphere. This section reviews methods that have been 
proposed for this purpose and describes a new approach that is applied in Chapter IV.
Carbon sequestration and storage, as well as permanence and reversibility have been a 
preoccupation for the research community that deals with land use and global warming, not 
just from a scientific and political perspective (BSI, 2008; Feamside, 1996; Feamside and 
Guimaraes, 1996; Feamside and Imbrozio Barbosa, 1998; Feamside, 2000; Feamside et a l, 
2000; Feamside, 2001, 2002a, 2002b, 2002c; Lashof and Hare, 1999; Lashof and Ahuja, 
1990; Marland and Marland, 2003; Marland and Schlamadinger, 1997; Marland et a l,  2001; 
Milà i Canals et a l, 2007b; Moura Costa and Wilson, 2000; Nebel and Cowell, 2003; Watson 
et a l, 2 0 0 0 , 2 0 0 1 ), but also fi*om an economic perspective, with issues such as credits and 
discounting being part of the debate (Maréchal and Hecq, 2006; Toi, 2002). The arguments 
are similar for both economic and environmental schools. Specifically in LCA, general 
publications on this issue include Wemer (2007) and Rabl et a l (2007) and, more recently, 
Müller-Wenk and Brandao (2010) and the PAS 2050 (BSI, 2008) discussed above (Section 
3.4.2). Very recently, Chembini et a l (in press) have proposed a method to estimate the 
climate impact of CO2 emissions from biomass combustion that uses CO2 impulse response 
functions from carbon cycle models to account for carbon storage in plantation forestry. The 
approach has not been compared in detail with this work.
As stated above, the climate impact of an emission to the atmosphere depends on both its 
quantity, its radiative eficiency and its residence time in the atmosphere. In order for biogenic 
carbon sequestration and emissions to be considered in the Global Warming Potential impact
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category, a suitable characterisation factor is required that accounts for time (in CO2 
equivalents).
Figure 3.11 shows the atmospheric residence of CO2 (and its decay) according to the revised 
Bern carbon cycle model (Bem2.5CC; Joos et al., 2001) under the conditions prevailing 
around the year 2000. The curve is the same as that shown for CO2 in Figure 3.10 and 
represents an updated CO2 decay curve from the equation given in the latest IPCC 
Assessment Report (see Equation 3.3). This refers to the decay from the atmosphere to all 
other sinks in the carbon cycle. The majority of the CO2 leaving the atmospheric 
compartment is transferred to the oceans and a minor part is transferred to the biosphere (see 
Chapter II). It is important to note here that the CO2 pulse model determines the decrease of 
the airborne fraction of CO2 under the assumption of no concomitant land-use changes. This 
means that the portion of the carbon absorbed by the biosphere (the 'residual terrestrial sink' ) 
is treated as a fixed flow reflecting the land use conditions prevailing around the year 2 0 0 0  
(Müller-Wenk and Brandao, 2010).
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Figure 3.11 Decay pattern of a pulse emission of CO2 to the atmosphere over a 1000-year timeframe, calculated
according to IPCC’s parameterized decay function (equation from Forster et a l ,  2007).
Figure 3.11 shows that the airborne fraction of a CO2 unit pulse decreases fast in the first 
decades after emission. However, not all of the carbon emitted is cycled into other pools. In 
fact, 56% will still remain in the atmosphere after 20 years, 36% after 100 years and 23% 
after 500 years. The half-life of carbon in the atmosphere is 30 years; i.e. 50% of the marginal
117
Chapter III -  Methodological Developments
emission leaves the atmosphere in the 30 years following emission. A further 30% will be 
removed within a few centuries, and the remaining 2 0 % will take thousands of years to leave 
the atmosphere (Denman et ah, 2007).
This asymptotic decay curve explains the resulting increase in the concentration of CO2 in the 
atmosphere. If the curve only reflected the biospheric source and sink, it would have a shorter 
time-span and would reach zero; i.e. the amount representing all historical biogenic carbon 
emissions can potentially revert to the biosphere. There is no equivalent process that 
counteracts the buming of fossil carbon in similar time frames, although a large share of the 
emitted carbon is absorbed by the world’s oceans. Photosynthesis, by both plants on land and 
plankton in the oceans, is the only process responsible for transferring carbon from the 
atmosphere; as it is biological, it is a considerably slower process than the buming of 
geological carbon. This means that carbon is being emitted to the atmosphere at a higher rate 
than the reverse processes remove carbon from the atmosphere so that atmospheric carbon 
concentrations increase; see Chapter II).
3.4.3.2.1 The tonne-year approaches
Two tonne-year approaches - the Moura-Costa and the Lashof approaches - were proposed 
more than ten years ago to account for the sequestration and temporary storage of carbon. No 
other approaches have been proposed based on GWP, but a conceptually different approach 
has been discussed based on net average global surface temperature change (Shine et ah, 
2005); this approach is not discussed further here. Both Pedro Moura-Costa and Daniel 
Lashof were involved in the development of the IPCC special report on LULUCF (Watson et 
ah 2000). Further development along those lines appears to have been closed in 2003, when 
the IPCC published the good practice guidelines adopting the mass balance stock change 
approach (IPCC, 2000). Some years after that, timing issues were again receiving attention 
with the development of the British standard PAS 2050 for carbon footprinting, where 
benefits are given to temporary carbon storage and delayed emissions (see BSI, 2008 and 
Clift and Brandao, 2008). Other standards still in development, such as the GHG Protocol 
and ISO14067, are also investigating temporal issues. Due to the relevance of the existing 
and upcoming carbon footprinting standards, it is important to consistently and rigorously 
assess the implications of sequestering and temporarily storing carbon.
Tonne-year approaches aim at calculating a credit in kg C0 2 -eq. for either keeping carbon out 
of the atmosphere for a given number of years (Moura-Costa method) or for delaying an
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emission (Lashof method). There is a subtle differenee between the two. This eredit can then 
be subtracted from a GHG inventory. The baseline for both of these methods is the 
cumulative radiative forcing, integrated over a given time horizon (usually 100 years), caused 
by a one-tonne pulse-emission of CO2 .
3.4.32.1.1 The Moura-Costa method
Moura-Costa and Wilson (2000) developed a method for accounting for carbon sequestration 
and storage by deriving an equivalence factor between t COz-eq and t COi-year. By 
calculating the integral of the decay function of 1 t CO2 from emission in year 0 to year 100 
using the best estimate for the decay function then available, they showed that 1 t C02-eq. 
emitted has an integrated effect of 55 tC02-yr (the blue area in Figure 3.12 is equal to the red 
area). This means that the integral of the decay curve of 1 tonne of atmospheric CO2 over 100 
years is equivalent to the sequestration and storage of 0.55 tonne of CO2 for 100 years. 
However, according to Equation 3.3 from the revised version of the Bern Carbon cycle 
model, the integral of the CO2 decay curve from year 0 to year 100 amounts to 48 C02-yr. 
The equivalence factor between sequestering 1 t of CO2 and storing it for one year (i.e. - 
ltC02-year) and the emission of 1 t of fossil CO2 is therefore -0.02 (-1/48).
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Figure 3.12 The Moura-Costa approach calculated for a 100-year time horizon. The integral o f It CO2 decay in
the atmosphere over 100 years (blue area) is equal to 48tC02-yr. The blue area is the same size as the red area.
The Moura-Costa approach (see Figure 3.12) uses the value of 48 tonne-years of CO2 to 
calculate an equivalence factor between radiative forcing and carbon sequestration and 
temporary storage. In this approach, sequestering from the atmosphere and storing in the 
biosphere (plant biomass and soil) 0.48 tonne of biogenic CO2 for 100 years (or 1 t of CO2 
during 48 years, or 48 t CO2 during 1 year, i.e. an are similar to the red and blue areas in
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Figure 3.12) is equivalent to avoiding the radiative forcing of a pulse-emission of one tonne 
of CO2 integrated over 100 years (blue area in Figure 3.12). Therefore, biogenic carbon 
sequestration and temporary storage can compensate for the impact of fossil-carbon 
emissions to the atmosphere in a way consistent with the GWPioo logic.
The t C02-year can also be applied to the reverse state: temporary lack of storage. This is 
further elaborated in Mueller-Wenk and Brandâo (2010).
This result can be expressed in another form which is more relevant for the purpose of LCIA 
of land use. The carbon previously stored in the biosphere which is released to the 
atmosphere, due to land-use change, is not released immediately. Similarly, the increase of 
the carbon stock in the biosphere following a land-use change (e.g. reforestation) lasts for 
decades. As a result, the Moura-Costa model needs to be adapted for the determination of 
GWP impacts from land use. Instead of the rectangular shape in Figure 3.12, a triangular 
form is a more realistic representation of the corresponding cumulative carbon flows from the 
atmosphere as the accumulation of carbon through photosynthesis is gradual (see Figure 
3.13). Nonetheless, regardless of the shape for storage, the tonne-year unit is very appropriate 
for including biogenie carbon flows in GWP calculations.
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Figure 3.13 Biomass carbon sequestration in a 63-year Scots pine rotation (Matthews, 2008b)
120
Chapter III -  Methodological Developments
Other characterisation factors are applied to different time-frames (see Table 3.8). The 
integral of the decay curve of I t  CO2 from year 0 to year 20, 100 and 500 is 14.6, 47.8 and 
157.3 t C02-year. One tonne of carbon sequestered, stored for one year, and subsequently 
released is therefore -0.074, -0.021 and -0.006 t C02-eq at a time period of 20, 100 and 500 
years, respectively.
Table 3.8 Characterisation factors for carbon storage on GWP
GWP20 GWP 100 GWP500
1 tonne-year 
carbon dioxide
-(1/14.6) =
= - 0.0741 C02-eq
-(1/47.8) =
= - 0.021 tC02-eq
-(1/157.3) =
= - 0.006 t C02-eq
1 tonne-year 
carbon
-0.074*44/12=
= -0.271 C02-eq
-0.021*44/12=
= -0.08 t C02-eq
-0.006*44/12=
= -0.0221 C02-eq
3A.3.2.12 The Lashof Method
The alternative approach, due to Lashof, considers that sequestering carbon dioxide and 
storing its carbon (i.e. not emitting) for a given number of years is equivalent to delaying a 
CO2 emission until the end of the storage period. Figure 3.14 shows the basic approach to 
accounting for carbon storage (delayed release) in the Lashof model (Feamside et a l, 2000), 
later used by Nebel and Cowell (2003), and exemplified with a 20-year storage of carbon. A 
single emission at time zero leads to an increase in radiative forcing which decays over time, 
proportional to its concentration in the atmosphere. The decay function is denoted by f(t) (see 
Equations 3.3 and 3.4). The decay curve is pushed back by a certain number of years, equal 
to the time for which the release is delayed, and the portion of the initial 48 tonne-years area 
(representing avoided radiative forcing) which is now beyond the 100-year time horizon 
corresponds to the benefits of the storage. For example, when release of one tonne of CO2 is 
delayed for 20 years, the portion of the area under the decay curve beyond 100 years is 7.5 
tonne-years of CO2 . This is equivalent to avoiding radiative forcing of 3t C02-eq.
Mathematically, over the accounting period of TH years (conventionally TH=100), the 
corresponding GWP is:
TH
^TH ~  j" (Eq. 3.8)
As noted above, I (100) = 48t C02-years. When the emission of CO2 is delayed by to years, 
the GWP reduction within the accounting period is given by the shaded-blue area in Figure 
3.14, resulting in the savings of I(to) in a 100-year perspective:
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(Eq. 3.9)
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Figure 3.14 The Lashof approach calculated for a 100-year time horizon. Storing carbon for a period of to years 
is equivalent to delaying a CO2 emission to îq, and the benefit is the portion o f the decay curve which is now 
beyond the 100-year time horizon (blue surface).
The fractional savings is I(to) / I t h - For example, delaying the emission by 20 years gives:
100
7(20) =  J  f { t ) d t  = 7.47 t  C O j - y e a r  (Eq. 3.10)
i.e. over 20 years, the saving is 7.47 tCOi-year and the fractional saving is 7.5/48 = 15.6%.
The full set of equations for evaluating GWP reduction from delayed emissions can be found 
in Clift and Brandâo (2008). The characterisation factors for temporary carbon storage are 
derived for both the Moura-Costa and Lashof methods (see Annex 6.3.4).
CIq,Ü \, ) ^3 Parameters in IPCC expression for decay of carbon dioxide in atmosphere
m Fraction of GHG remaining in the atmosphere t years after emission.
GWP resulting from presence of GHG in atmosphere over accounting period of T years.
/ ( ' o ) GWP saved within accounting period by delaying emission by C years.
T Length of time defining accounting period for GWP (years).
t Elapsed time (years)
4 Delay in emission o f GHG (years)
^1,^2, Tg Time constants in IPCC expression for decay of carbon dioxide in atmosphere.
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3.4.4 Critical review and proposed approach
Both methods assume that storage of carbon in oceans and storage of carbon in the biosphere 
are environmentally equivalent, so that the problem is solely the residence of CO2 in the 
atmosphere. However, a biogenic emission implies the opening up of an additional sink, i.e. 
the ability to sequester carbon later. Whether the carbon is subsequently sequestered or not, 
and when, is not known. The flows to the atmosphere from geogenic or biogenic sources are 
similar; the difference is in the reverse flows removing the CO2 from the atmosphere. Only 
flows to the biosphere need be considered, because of the time involved in flows to fossil 
reservoirs. The biosphere naturally sequesters carbon and it is only an issue of land use that 
prevents it from doing so. This prevention is, of course, temporary (see Section 3.4.3.1). 
Neither approach addresses the dynamic nature of the carbon cycle: different concentration 
gradients between the different carbon pools -  oceans, land and atmosphere - will result in 
differences in their sequestration capacity.
There are consistency issues when adopting either approach. In the Moura-Costa approach, 
storing 0.48 tonne of carbon dioxide (in the form of carbon) for 100 years (or 273 kg of 
carbon - from 1 tonne of CO2 - for 48 years) can fully compensate a fossil carbon dioxide 
emission of one tonne when using a 100-year time horizon. This is consistent with the way 
GWP is used in LCA, i.e. that one emission has the same characterisation factor regardless of 
the timing of its occurrence. In this way, sequestering and storing some amount of carbon is 
accounted consistently, regardless of when that sequestration and storage occurs in the life 
cycle of a product.
However, some argue that by choosing a fixed time horizon (i.e. independent from the timing 
of emissions, e.g. year 2000 to year 2100), one assumes that this time period is critical, and 
that it is important to look mainly at the impacts occurring during this particular period. To be 
consistent with this assumption, the full compensation must be reached at the end of the time 
horizon. The Lashof approach is more consistent in keeping the time horizon in this meaning 
but, as opposed to the Moura-Costa method, it considers different time horizons for the same 
amount of emission, which is inconsistent (e.g. the radiative forcing of 1 kg CO2 emitted 20 
years into the accounting period is only considered in the subsequent 80 years, whereas the 
radiative forcing of an identical emission taking place 20 years earlier is considered in the 
subsequent 100 years. By contrast, the Moura-Costa method accounts each year equally, i.e. 
the impact of storage in year 1 is the same as that in any other year. The Lashof method 
merely decreases the time horizon by a period equal to the time for which the release is
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delayed. Thus, it can be seen as adopting different time-frames for emissions happening at 
different times. This does not have the consistency of the Moura-Costa method, which 
presents no time preferences other than the 100-year accounting period following every 
intervention (emission/sequestration), i.e. it does not distinguish between identical emissions 
(e.g. 1 kg CO2) occurring at different points in time. As a result, as opposed to the Lashof 
method, the Moura-Costa method is not aimed at characterising emissions relative to their 
timing but rather characterise the opposite flow: sequestration (of carbon), also regardless of 
its timing. In this way, the sequestration and storage of 0.48 t CO2 (in the form of carbon) for 
100 years avoids the radiative forcing equal to I t  C02-eq.
One tonne of C02-eq is equivalent to between 14 and 157 tonne-years of CO2 on a 20- and 
500-year time-frame, respectively. The impacts on climate associated with temporary carbon 
sequestration and storage are therefore highly dependent on the time-period adopted for GW P  
calculations. Against fossil fuel emissions, biogenic carbon sequestration and storage benefit 
from a short time-horizon (GWP20), whereas biogenic carbon emissions benefit from a longer 
time horizon (e.g. GWP500). In other words, the emissions of 1 tonne of carbon that is resident 
in the atmosphere for 1 year (It carbon - year) equals 0.074, 0.021 and 0.006 t C02-eq at a 
GWP20, GWPioo and GWP500, respectively; meaning that the longer the time period of 
assessment, the lower is the impact of biogenic carbon emissions relative to their fossil 
counterparts (see Table 3.8). Conversely, storing 1 tonne of carbon for 1 year saves 0.074, 
0.021 and 0.006 t C0 2 -eq at a GWP20, GWPioo and GWP500, respectively; meaning that the 
shorter the time period of assessment, the larger is the impact of biogenic carbon emissions 
relative to their geogenic counterparts.
The Moura-Costa method has, however, a large limitation as noted, for example, by 
Korhonen and co-workers (2002). It is argued that adopting a timeframe lower than 100 years 
makes the tonne-year approach incompatible with GWPioo calculations and inconsistent with 
their applications, such as the Kyoto Protocol. The limitation of this method is that storage 
after 48 years results in a saving of 100%. Because the time horizon in global warming 
calculations is 100 years, contributions after year 48 must be covered. Considering 1 tonne of 
CO2 sequestered from the biosphere and stored for 96 years means that 96 tonne-years equal - 
2 t C02-eq. However, 1 tonne of fossil CO2 emitted at the same time would only account for 
It C02-eq. This results from the fact that carbon in the atmosphere obeys a decay function, 
but carbon in the biosphere does not. However, it is important to note that t CO2 and t C02-eq 
are two different things: the former refers to the mass of a GHG whereas the latter refers to
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radiative forcing of the same magnitude as that of a pulse emission of CO2 over a specific 
time horizon.
A more extensive account of these methodological issues can be found in Brandâo and 
Levasseur (2011).
For the reasons argued above, which are further elaborated on Mueller-Wenk and Brandâo 
(2010), the revised Moura-Costa approach (modified with the updated atmospheric CO2 
decay function (Forster et al, 2007) on 100-year time) is applied in this thesis for the 
assessment of land use impacts on climate. In this way, temporary additions or removals of 
terrestrial carbon sinks are accounted consistently. For the implementation of this model, 
characterisation of land uses and land-use changes is required which, in turn, requires data on 
the carbon flows and their residence time in the atmosphere. This is attempted by Miiller- 
Wenk and Brandâo (2010). Additional characterisation factors can be found in Appendix A 
(Section 6.3.4).
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3.5 Methodological issue 4: Economic and social impact assessment
In view of the competing demands on multifunctional land—a limited and scarce resource—  
to feed people adequately, sustain biodiversity and ecosystem services and mitigate climate 
change, there is a clear need for a systematic basis for allocating land use with respect to 
environmental -  but also to economic and social - objectives. The purpose of this section 
(which is partly based on Brandâo et a l, 2010) is to explore the feasibility of an integrated 
sustainability assessment framework for comparison of different land-use systems and, if 
feasible, set out an operational method.
Economic and social impacts arising over the life cycle of products and services are normally 
considered to be outside the scope of LCA. Integrating economic and social concerns in LCA 
would extend this tool’s relevance for decision-making, from an environmental systems 
analysis to a more comprehensive décision-support tool. Attempts at integration are fraught 
with difficulties (see Reap et a l, 2008b), but have nonetheless yielded interesting results 
(Brandâo et a l, 2010; Clift and Wright, 2000; Clift, 2003; Sim et a l, 2007). Examples of 
integration of LCA include Value Chain Analysis (VCA) and Life Cycle Costing (LCC).
Social aspects can be included in the assessment with reference to Value Chain Analysis 
(VCA), which is a complementary tool that provides an economic and social analysis of the 
operations making up the supply chain providing a product or service, concentrating on the 
economic Added Value at each stage (see Clift and Wright, 2000; Dahlstrom and Ekins, 
2005, 2006, 2007; Dahlstrom et a l, 2004). The term VCA can also be used to describe an 
established “soft system” approach to examining the governance structure of supply chains 
(see Clift et a l, in press; Sim, 2007; Sim et a l, 2007). More recently, the UNEP-SET AC 
Life Cycle Initiative has produced guidelines for social life cycle assessment of products 
(Andrews et a l , 2009).
The lack of consensus on indicators and databases for social LCA -  which is explained by 
this tool’s infancy - determines its current low applicability. As a result, social assessment 
will not form part of the scope of this thesis.
However, an economic assessment can be integrated with the environmental LCA, also using 
a life cycle perspective that covers all activities in the supply chain up to the market in both 
foreground and background systems. The impacts on economic value are simply the market 
values of all the final products/goods that are produced, directly or indirectly, as a result of 
the land-use strategy adopted in the foreground system. The values of the products and
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currency rates adopted are reported in Chapter IV, with specific data for each product, along 
with their sources.
In this way, the extra production or displacement of marginal products is an economic benefit 
or disbenefit, respectively, as economic value is created or displaced in each of the different 
regions affected. This economic added value contributes to GDP and to the creation of 
employment. Conversely, “subtracted” economic value contributes negatively to GDP and to 
the elimination of employment. GDP (see Glossary) is calculated by adding up the value- 
added at each stage of production (deducting the cost of produced inputs and materials 
purchased from suppliers). For example, the boxes in Figure 3.6 show extra and superseded 
processes. These represent added and subtracted value to country GDP, respectively. The net 
global economic value is the sum of all the changes in the GDP of the affected countries, so 
that a total economic impact is reached.
Subtracting the variable costs that vary with the amount produced, e.g. seeds, fertilisers, 
pesticides, energy) from the financial output (price * amount sold) results in the gross margin. 
Similarly, subtracting the allocated fixed costs from gross margin results in net margin (see 
Table 3.10).
As in the environmental assessment, only the extra or displaced processes are included 
because the assessment takes a consequential approach. The value of all other processes is 
held constant between the baseline and the consequential scenarios.
In addition, the cost of intermediate inputs (e.g. agrochemicals, land, labour), as well as 
profit, is not explicitly included in the economic assessment because the market prices (i.e. 
value of final products, in this case) adopted already reflect all market costs associated with 
production, as well as profit. The relationship between gross margin and net margin are 
shown in an example for one specific crop in Table 3.10. It can be seen that gross margin 
excludes permanent labour, while net margins include the allocated costs of machinery, 
mechanisation and permanent labour. Net margin is equivalent to value added, i.e. the value 
that has been created in the national economy by a particular activity or process.
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Table 3.10 Gross and net margins o f organic main crop potatoes in £/ha (Brandâo et a l ,  2005)
Marketable yield (t) 24
Price (£/t) 248
Total Output (£/ha) 6,295
Seeds/Transplants 901
Fertilisers (FYM) 79
Crop protection
spray/pest monitor 156
trace elements 0
Casual labour
hand planting 35
hand weeding 92
hand harvest/grade 887
Packaging, storage 249
Transport 158
Commission, Levies 8
Other 162
Total Variable Costs 2,727
Gross Margin (£/ha) 3,568
Cultivations 189
Planting/drilling 105
Mechanical weeding 105
Fertilising (FYM) 41
Spray, P&D control 129
Irrigation 114
Harvesting 291
Other 20
Total Allocated Fixed Costs 994
Net Margin (£/ha) 2,564
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3.6 Methodological issue 5: Integrating environmental and economic assessments
The results depend heavily on the ways the methodological issues described in the preceding 
sections have been addressed. Consequently, these methodological approaches determine the 
interpretation and so can be pivotal in decision support. The relevance of LCA for 
environmental decision support, therefore, is highly sensitive to the way those 
methodological issues are tackled. In addition, decision-making with multiple objectives is 
further complicated by the fact that not every option under assessment will be clearly better 
or worse than any other -  as one option may be better in some impacts but not others -  
highlighting the existence of trade-offs. In the absence of a multi-criteria approach, 
aggregation may be unavoidable, which will require subjective weighting and valuation 
methods (such as monetisation), whereby the different category results (expressed in different 
units) are “added” into one overall composite indicator and are, therefore, made comparable. 
Indices (or scores) are popular in decision-making due to their simplicity but, due to their 
subjective nature, will always be subject to scrutiny and debate on the conceptual and ethical 
foundations of assigning values to the different impacts. The (scientific) basis of decision 
support is, therefore, open to question.
Alternatively, where there are clear cases where strategies are inferior to the baseline in all 
criteria, it is proposed that they be considered no further. If so, only the alternatives that 
represent an improvement from the baseline in one or more criteria (economic value, climate 
change, or ecosystem services and biodiversity) are considered further. These are called 
Pareto-efficient. By considering the alternatives that are better in both economic and 
environmental terms, the need to aggregate different impacts is excluded. However, once 
strategies pass these criteria, it is not possible to rank them unless a strategy is better than 
another in all criteria. Furthermore, strategies that are significantly better in two of the three 
criteria, but only slightly worse in the third criteria, will be excluded.
In this case, Pareto-effieient land-use strategies would be those that, relative to the baseline, 
simultaneously have lower global environmental impacts (in terms of climate, ecosystems 
and biodiversity) and higher global (in the UK and overseas) economic gains than the 
baseline. Of those, a Pareto-optimal strategy would be the one that is not worse than any 
other in any criteria. This type of analysis, therefore, identifies the best alternatives.
In Pareto analysis, it is common to depict a Pareto frontier showing the spectrum of 
possibilities outside which an option represents a negative change, i.e. implying that at least
129
Chapter III -  Methodological Developments
in one criterion the change would not be beneficial. The Pareto analysis in Chapter IV 
presents the strategies that are not only Pareto improvements for all three criteria 
simultaneously: economics, climate change and biodiversity, but also the best ones in all 
three criteria. These are the best strategies/alternatives which are the ones considered to have 
policy relevance.
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3.7 Conclusions
In this chapter, the suitability of a life-eycle approach for assessing land-use decisions has 
been explored. This included an outline and discussion of the methods that have been put 
forward in the literature for assessing the impacts of land use on ecosystems (including 
biodiversity) in LCA, as well as the development of new methods for the consequential 
assessment of land-use decisions and characterisation factors for land-use interventions on 
climate and biodiversity and ecosystem services. Characterisation factors are also developed 
for temporary carbon storage and for land use impacts on climate. Finally, it is proposed that 
life cycle environmental and economic assessments be considered together, and that the 
identification of the best strategies is done under a Pareto-analysis framework.
As a décision-support tool, LCA has strengths that, curiously, are also its weaknesses. LCA is 
an environmental management tool that is as holistic as possible. By assessing the life-eycle 
of a product or a service across a variety of impacts, it will then not be able to go too deeply 
into any individual impact or aspect. Its uncertainty is often considerable, mainly due to data 
availability and quality but also due to the methods employed. LCA can be criticised for 
being too simplistic and general. It is also a linear tool that usually does not allow for non­
linear and dynamic interactions/functions. However, the large array of environmental impact 
categories considered.makes it a very comprehensive and relevant environmental systems 
analysis tool that makes explicit the trade-offs between different environmental impacts. On 
the less technical side, LCA might also involve subjective assumptions and value choices, but 
not more so than other décision-support tools, like Cost-Benefit Analysis.
The application of Life Cycle Assessment to land-use systems is a relatively recent 
endeavour. Although the challenge of tackling the complexity of ecological systems is far 
greater than that of industrial systems, agricultural LCA is a very promising tool for assessing 
the environmental impacts of agricultural systems and hence for supporting societal 
decisions.
The inclusion of land-use activities in LCA has been subject to much debate in the LCA 
community. Despite the recent methodological developments in this area, the impacts of land 
occupation and transformation on ecosystems and climate have been largely excluded from 
LCAs partly due to the lack of life cycle impact assessment methods or associated LCI 
information.
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This chapter identified and addressed more thoroughly some of the methodological issues in 
the LCA of land-use systems. It also proposed a model with whieh land-use decisions may be 
assessed. Not all variables affecting any studied situation will ever be ineluded by any model, 
regardless of how good or big it is. The question then becomes what is relevant to include in 
an inherently simple model to make it as representative as possible. As any model, the one 
proposed represents reality rather simply, but includes within its system boundaries important 
components of the system which are often forgotten in most LCA studies. Hence, it tries to 
give as complete a picture as possible, without losing transparency. CGE models may be 
more complete, although less transparent, while attributional LCAs fail to capture potentially 
important impacts, such as those arising from iLUC.
Some methods were suggested for dealing with allocation issues in land use systems. The 
allocation method to be chosen depends heavily on the use intended for the co-produet and its 
importance (i.e. main product or secondary product), of which the product’s relative 
economic value is decisive. The method to be chosen is dictated by the goal and scope of the 
LCA study to be performed. Nonetheless, for consequential land-use assessments, system 
expansion is the preferred method for dealing with (avoiding) allocation.
A review of existing methods for assessing land-use impacts on ecosystems has been 
conducted and their suitability and operability assessed. Indicators associated with biomass, 
carbon balance, soil erosion, salinisation, energy, soil biota and SOM were evaluated. It is 
shown that some approaches fail to capture important aspects of land use impacts. Some 
indicators address land-use impacts satisfactorily for land uses that include biotie production 
of some kind (agriculture or silviculture). However, some of these may fail to address 
potentially important land-use impacts from other life cycle stages, such as those arising from 
transport.
The quantitative methodological developments that are proposed for the assessment of land 
use on climate change and on ecosystem services and biodiversity rely on the changes in 
carbon stocks of land-use systems. Indeed, in addition to the obvious implications of the 
carbon balance to climate, it also has an important role in the provision of ecosystem services 
and maintenance of biodiversity. It is shown that the change in the carbon stock of 
ecosystems can be used as an indicator for impacts on ecosystem services and biodiversity, 
and is more satisfactory than the other approaches because it combines a range of soil 
properties with biodiversity impacts into a stand-alone indicator. The inclusion of changes in 
the cycling o f carbon for assessing climate change and ecosystem services and biodiversity
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are the most novel aspects of this thesis in terms of life cycle impact assessment 
methodology.
Existing databases on terrestrial carbon stocks and land use enable this method to be applied 
robustly. In addition to impacts on ecosystem services and biodiversity, climate impacts can 
also be better assessed by this approach once data are available for all geographical regions of 
the world. As the Human Appropriation of Ecosystem Carbon Stock (HAPECS) indicator 
was considered the most appropriate, characterisation factors have been developed.
This chapter also recognised the importance of non-atmospheric pools of carbon, as well as 
its associated flows, in GHG accounting. Particular emphasis was given to carbon, but the 
framework of tonne-year can be applied to any GHG as long as its decay function is known. 
Despite the uncertainty involved in climate models, the parameters used are derived from the 
most authoritative scientific body in that discipline, the IPCC. Two ways of accounting for 
storage (or lack thereof) of CO2 over a period of time were reviewed and the scope for their 
application in LCA explored. The aim of these methods is to capture the time-aspect of 
carbon storage/non-storage in the biosphere/technosphere. Characterisation factors have been 
developed for carbon storage on GWP (see Section 6.3.4 of Annex A). The results are very 
sensitive to the method chosen. For example, storage of 1 tonne of carbon for 25 years has a 
saving of 0.5 t COa-eq according to the Moura-Costa method, but only 0.2 t COi-eq 
according to the Lashof method. In addition, the sensitivity of the results to the time-period 
adopted is highly significant and therefore, a standard period, such as 100 years (GWPioo) is 
recommended. Both methods are transferable to both GWP20 and GWPsoo- hi terms of land 
use, it is important to consider the different magnitude of the biosphere-atmosphere flows. 
Characterisation factors have also been developed for land use, based on the updated Moura- 
Costa approach (see Section 6.3.4 of Annex A).
Finally, it is proposed that life cycle environmental and economic assessments be merged, 
and that the identification of the best strategies is done under a Pareto-analysis framework.
These methods are applied to land-use systems in Chapter IV.
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4. CHAPTER IV
INTEGRATED ENVIRONMENTAL AND ECONOMIC ASSESSMENT 
OF LAND-USE STRATEGIES IN THE UK
It is much more important to he able to survey the set o f possible systems 
approximately than to examine the wrong system exactly. It is better to be 
approximately right than precisely wrong.
Tribus and El-Sayed (1982)
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Chapter IV -  Integrated assessment ofland-use strategies in the UK
4.1 Introduction
In view of the conpeting demands on land and the need to sustain ecosystem services 
and biodiversity, there is a clear need for a systematic basis for allocating land use to 
optimize economic, environmental and social objectives.
This chapter aims at assessing and conparing the integrated environmental and 
economic consequences associated with diferent land uses in the UK -  for food, feed, 
feel, timber and carbon sink - and at identifying the best land-use strategies in a 
Pareto-optimal sense, in terms of their inpacts on climate change and ecosystem 
services and biodiversity, but also in terms of the value they generate. This is done by 
applying the framework, methods and characterisation fectors developed and reported 
in Chapter III, which combine LCA with an economic assessment. Among other 
things, it is hoped that this study advances the discussion on the inpacts of promoting 
renewable energy sources, in particular the indirect land-use change effects from 
increased biofeel demand. If it does, both private and public policy-makers will have 
more robust information ipon which their decisions may be based.
This chapter is based on Brandâo et al (2011) and Brandâo et a l (2010). It is 
intended to be representative of typical UK practices, and care should be taken not to 
draw conclusions from this study for conparison between different regions within or 
outside the UK.
The exposition follows the steps in LCA identified in the relevant intemational 
standard (ISO 14040-44, 1998; 2006): goal and scope definition (Section 4.2), 
inventory anafysis (Section 4.3), inpact assessment (Section 4.4) and interpretation 
(Section 4.5), with the corresponding economic anafysis introduced in parallel 
Finally, in Section 4.6 the chapter is summarised and conclusions are drawn regarding 
the robustness of the results for the main environmental and economic inpacts, as 
well as of the Pareto anafysis.
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4.2 Goal and scope definition
The goal of this study is to conpare the different options available for managing 
agricultural land in a wide system boundary that includes other parts of the world (see 
Chapter HI), in order to sipport land use policy, by suggesting how to allocate land in 
order to achieve maximum environmental and economic benefits. The focus of this 
chapter is the cultivation of crops for different uses and the subsequent product
displacements, and associated land-use changes, they cause. The scope covers the 
whole ‘cradle-to-grave’ product cycle, fi*om extraction of raw materials through 
agricultural activities and production to the point where the crop is harvested,
transported, stored, used and its waste disposed. The specific objectives are:
■ to characterise, conpare and contrast the global environmental and economic 
consequences of alternative land-use strategies in the UK;
■ to identify the location and magnitude of the land areas outside the UK that are
affected by alternative land-use strategies in the UK through substitution
effects, as w el as to quantify the resultant environmental and economic
inpacts;
■ to identify the land-use strategies in the UK that, on a global level, contribute 
the most to mitigating both climate change and the inpacts on the provision of 
ecosystem services and on biodiversity;
■ to determine which land-use strategies are Pareto-efScient, Le. the strategies 
that simultaneousfy have lower global environmental inpact and higher global 
economic gains than the baseline; and
■ to identify the best out of the Pareto-efficient strategies, and where in the chain 
of consequences those benefits lie. Further analysis will be made regarding the 
use of all set-aside land for those purposes in the subsequent chapter (Chapter 
V -  Discussion).
4.2.1 Systems overview
Several different land covers (Le. crops) relevant to the UK for five land uses -  food, 
feed, fiiel, forestry and carbon sink - have been considered and assessed here.
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including biofiiel, biomass and forestry crops, chosen as representing either current 
UK crops or products which are currently promoted. These are^  (see Table 4.1):
wheat for food (including organic), feed and fiiel (bioethanoÇ; 
oilseed rape for food (including organic) and fuel (biodiesel); 
barley for feed (including organic);
sugar beet for food and fiiel (bioethanol) and feed as a co-product;
Miscanthus for fuel (electricity, heat and combined heat and power, CHP);
willow short-rotation coppice (SRC) fiir fuel (electricity, heat and CHP); and
9 conifer and broadleaf forest(ry) species for fiiel (electricity, heat and CHP), 
timber and to act as carbon sink.
Table 4.1 gives an overview of the land cover (le. crops) adopted for the different 
land uses. For each crop under each of the five different land uses (where applicable), 
three different sets of scenarios were created: one whose baseline is existing cropland 
(and thereby excludes land expansion -  no direct land-use change takes place),
another whose baseline is set-aside and the final one whose baseline is permanent 
grassland. Therefore, whereas the first relates to changes in management and use (not 
crop cover), the second and third relate to expansion of cropland onto set-aside and 
permanent grassland, respectivefy. These three sets of scenarios are not mutualfy 
exclusive but the strategies within each set are (with the exception of the waste-to-fiiel 
diversion strategies, see below).
In all sets of scenarios, dififerent management regimes were considered: 
extensification (including organic) and intensification. Extensification relates to a
decreased rate of iiput use (mainfy fertiliser) from the baseline scenario. For wheat 
and barley, extensification means changing from conventional to organic
management. Intensification, conversefy, relates to changes in management (mainly
increased fertiliser application levels) in order to increase yields. These two 
management strategies are, therefore, mutually exclusive in each set of scenarios.
 ^This list o f crops assessed is by no means a conprehensive list o f combinations o f crops and uses. 
However, this list is arguably a good representation o f current land cover and use.
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Table 4.1 Multifunctional crops assessed
Land Use
Land Cover (Crops) Food Feed Fuel Timber Sink
Common Wheat {Triticum aestivum) / y y
Oilseed Rape {Brassica napus) V ( ^ ) y
Common Barley (Hordeum vulgare)
Sugar Beet (Beta vulgaris L.) V ( ^ ) y
Miscanthus (Miscanthusx giganteus) y
Willow SRC (Salixviminalis) y
4 Conifer Crops:
Scots Pine (Pinus sylvestris L.) 
European Larch (Larix decidua) 
Sitka Spmce (Picea sitchensis) 
Douglas Fir (Pseudotsugas^^^)
5 Broadleaf Crops:
English Oak (Quercus rohur) 
Beech (Fagus sylvatica)
Ash (Fraxinus excelsior). 
Sycamore (Acer pseudoplatanus) 
Silver Birch (Betula pendula)
y y y
The first set of scenarios includes a third management mode which could be used in 
combination with the other modes; it is termed here “diversion”. It refers to the 
diversion of crops fi*om food to other uses  ^ (ie. food-to-feed, food-to-fiiel, waste-to- 
fiiel). It relates to changes in management and use of existing land, through diverting 
crops and waste (fi*om food and soil uses) to fuel use. The uses to which a crop is put 
are mutually exclusive.
The second and third sets of scenarios relate to direct land-use change (dLUC) by 
expanding arable land onto set-aside and grassland, respective^. Intensification and 
extensification were also included within these sets. All management strategies within 
each set of scenarios are therefore mutualfy exclusive, as are the different uses and (as 
opposed to the first set of scenarios) the different crops.
Each combination of crop and land use is assessed against a baseline. In the first set of 
scenarios, each combination is assessed against the ‘business-as-usual” baseline, 
which is the current use of that particular crop. For exanple, the three management 
strategies (of extensifying, intensifying or diverting wheat for non-food purposes) are
 ^This could be considered land-use changeas it involves changes in the use to which the biomass is 
put (e.g. from food to fiiel). However, because this does not entail change in the occupation o f the land 
(i.e. crop cover), it is not treated here as land-use change.
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assessed against the status quo, e.g. current wheat production solefy for food. This 
also applies to the other crops where their primary purpose has been food (oilseed 
rape, sugar beet). In the second set of seenarios, the baseline land reference state is 
maintained set-aside. Set-aside is adopted because, in 2008, the requirement to set 
aside a portion of the agricultural land to curb excess production was abolished. As a 
result, fermers in the European Union see a lesser land constraint than before. In the
UK, set-aside land is considered to be the marginal land onto which extra crop
production is moving because it is the land use declining most rapidfy (DEFRA et a l,
2008). Permanent grassland is the baseline for the third set of scenarios, also chosen
as a likely land state to be substituted. All three baselines (current cropland, set-aside 
land and grassland) are assumed to be at a steady state and under the same use and 
management for more than 20 years prior to the inplementation of the land-use 
strategies under assessment. This assunption avoids any possible methodological 
issues (and associated uncertainties) related to allocating transformation inpacts to 
the products of the land-use strategies under assessment (since these are only ascribed 
to the first 20 years following land transformation).
Figure 4.1 gives an overview of the different management strategies and how these 
relate to the baseline scenarios and Table 4.2 shows the changes in land use (ie. 
purpose) ,^ land cover (ie. crop) and land management (ie. level of intensity) that 
each set ofland-use strategies reflects.
In order to identify and understand the possible consequences of changing land use 
and management, more than 200 scenarios were devised for the modelling of these 
strategies, regarding reference land use, crop yield, and the use of waste and co­
products and of the crop itself which determines which products are substituted, the 
marginal producer, place of production and any resulting land-use changes. These 
were devised as likely representations of a conprehensive set of possible and popular 
land-use strategies available to land owners. The consequential approach adopted by 
these scenarios regarding product (and land use) displacement is an inportant 
conponent of the anafyses and particular focus is given to it (see Sections 4.2.4 and 
4.3.1). Tables 4.3 to 4.5 show the number of scenarios modelled under each set of
 ^Whilst land-use change (LUC) is commonly adopted to mean what we term here as land  
transformation (see Chapter II), changes in land use refer to changes in the purpose to which the crop is 
put (e.g. diverting wheat from food to fuel).
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land-use strategies for current cropland, cropland expansion onto set-aside and 
cropland expansion onto permanent grassland, respectively.
BASELINE CURRENT I SET-ASIDE I PERMANENT |
! GRASSLAND !I I CROPLAND I 
.1 I_________________
Strategy Set A Diversion N/A N/A
Strategy Set B Extensification N/A N/A
Strategy Set C Intensification N/A N/A
Strategy Set D N/A Expansion N/A
Strategy Set E N/A D + Extensification N/A
Strategy Set F N/A D + Intensification N/A
Strategy Set G N/A N/A Expansion
Strategy Set H N/A N/A G + Extensification
Strategy Set I N/A N/A G + Intensification
Figure 4.1 Overview of the different sets ofland-use strategies assessed for current cropland (green), 
new cropland on previous set-aside (blue) and new cropland on previous grassland (orange); and the 
management mode adopted
Table 4.2 Characterisation o f the different sets ofland-use strategies regarding changes in land cover.
Land-Use Strategy A B c D E F G H 1
Current Cropland 
(Arable and 
Forestry)
Cover
Use y y
Management
Current Set-Aside Cover V / / / y y
Use y y / y y
Management / / y y y y
Current Œassland Cover / / y / y y
Use / y y / y y
Management / y y
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4.2.2 Functional Unit
As the overall aim is to conpare different land-use strategies, the functional unit - Le. the 
reference measure for which the environmental and économie inpaets or burdens are 
expressed and conpared - is taken as 1 ha of land in the UK, in order to show the significance 
ofland-use decisions in an interdependent global economy (see Chapter III).
4.2.3 Choice of inpacts and method of inpact assessment
The environmental assessment is done at the mid-point level, and concentrates on carbon 
balances as the eontribution to global climate change and to ecosystem and biodiversity 
inpacts, while the market value of final products of the different land-use strategies is used to 
assess économie performance as contributions to global GDP.
For characterising the cHmate-change inpact of the emissions of the different greenhouse 
gases, the IPCC’s Global Warming Potential index and its fectors (Forster et a l, 2007) on a 
100-year period were adopted. The eharacterisation of biogenie carbon emissions and storage 
due to land occupation and transformation is made aeeording to the methods proposed in 
Chapter III. The unit adopted is kg C02-eq.
The indirect land-use change (ha) for crop production in the background system is also 
reported, perhaps best thought of as an inventory indicator rather than an inpact per se as the 
land affected is, at that stage, not characterised fiirther for its environmental significance. In 
addition, two inventory results related to land occipation and land transformation are 
reported: above-ground biomass production (t biomass) and carbon sequestration (t carbon), 
the latter measured by changes in the Ecosystem Carbon Stock (ECS). Subsequent^, land 
area occipied and transformed (both directly and indirectfy) is characterised for the inpaets 
on eeosystem services and biodiversity and on climate change.
The impact on ecosystem services and biodiversity is assessed with reference to the HAPECS 
indicator (see the method’s desorption in Section 3.3.3 of Chapter III).
Contributions to global GDP, assessed by the market value of the changes in the level of 
production of final products, is adopted as the economic inpact of the different land-use 
strategies (see the method’s desorption in Section 3.4 of Chapter III). All values were 
converted to Great Britain Pound sterling (GBP, £).
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4.2.4 System boundaries
To inform policies on land use to mitigate GHG levels and changes in eeosystem fonctioning, 
the anafysis focuses on cultivation and harvesting, and ineludes production of fertilisers and 
pestieides, cultivation and harvest, drying and storage, transport, etc. However, the foeus is 
on the substitution effects that land-use decisions in the foreground system (ie. the UK) 
cause in the baekground system (overseas).
In relation to system subdivision, as proposed, for exanple, by Clift et al. (1998), it is useftd 
in change-oriented assessments to distinguish between foreground and background systems. 
The foreground system is the part of the model that consists of processes that are under the 
direet influenee of the deeision maker (Baumann and Tillman, 2004), in this case, the former 
or land owner/manager in the UK that deeides which land-use strategy is adopted. 
Converse^, the background system, while not under the direet influence of the decision­
maker, is inevitabfy affected by it. The foreground system is the land subject to different 
land-use strategies for current cropland, set-aside and grassland in the UK. In addition, and as 
a consequential approach is being followed, the system is enlarged so as to inelude the 
produets that are displaeed in the background system by the choices in the foreground system 
that eharacterise the particular modelled strategy. Therefore, alloeation of environmental 
burdens between co-products is avoided as the system modelled is expanded so as to include 
the displaeement of the most likefy alternative to that being modelled. Credit/debit is 
therefore given to the land-use strategies whose products and/or co-products displace other 
products or result in their increased production. These are explicitfy identified in each 
scenario’s flow chart (Appendix 6.4.1).
For the reasons outlined in Section 4.2.2, the reference unit for the study is the life-cycle of 
the speeified erop on 1 ha of land for one year, ie. 1 ha-yr, ip  to the point where it may be 
replaced by its marginal counterpart. For example, UK wheat affects Canadian wheat. The 
produetion of grain in the UK is modelled ip  to storage, at which point it replaces Canadian 
wheat (ie. production of wheat in Canada and transport to the UK is displaced). Canadian 
wheat is modelled ip  until that stage too and therefore includes transport to the UK.
In relation to natural systems, the boundary is shared between the product and the natural 
systems, as land use for crop production is also part of the natural system This is refleeted by 
the methods measuring inpaets on ecosystems. Chapter in  elaborates on these issues.
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In relation to geographical boundaries, the foreground system refers to land in the UK, while 
the background system ineludes those areas of the world that are aflfeeted by the foreground 
system
In relation to time horizon, the consequences of the different land-use strategies are 
normalised to one year, even though some strategies reflect long-term rotations of ip  to 100 
years (e.g. Oak). The inpaets fl"om land transformation are ascribed to the subsequent 20 
years of cropping on an unequal, but linear basis (see chapter HI). The time-horizon chosen 
for Global Warming Potential is 100 years.
In relation to cut-off criteria, capital goods (machinery, buildings, etc) are excluded as they 
are not thought to be aflfeeted by the changes. Similarly, labour is exeluded.
4.2.5 Data
Physical and economic iiput and output (Le. inventory) data fi’om various related studies 
concerning crop production in the UK and abroad were adopted in the foreground and 
background systems, respectively.
4.2.5.1 Physical data
Physical data on crop production and properties were obtained fi'om various sourees (AEA 
and NBA, 2008; DEFRA et al., 2008; Elsayed et a l, 2003; FAQ, 2009; FAPRI, 2009a, 
2009b; RFA, 2009; Williams et a l, 2006). The sources for more specific data are cited where 
relevant.
Generic EGA data used for harvest and post-harvest operations include fiiel and UK 
electricity generating mix (DUKES, 2007), although marginal production of electricity from 
renewables is assumed to displace coal, as argued for in Chapter III. Data related to particular 
land uses is shown in Section 4.3.1).
The data for the foreground system are representative of UK practiee and technology in 2007. 
Following the consequential approach (see Chapter HI), marginal data were used, e.g. for the 
displaeed feedstoek for UK electricity production (Le. eoal, not the average power-mix) and 
for identifying the sources (exporters) of the affected produets (see Section 4.3.1).
Data on carbon balances related to land-use change, cover and management have been 
gathered mainfy from IPCC reports (2003; 2006). These data are representative to the extent
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that they relate to individual countries. Data on stocks of carbon in soils are more detailed 
than country-level as they cover a variety of soils within a country. The most likefy soil (of 
the most likefy region of a country) was chosen in the anafysis. There is, inevitabfy, some 
degree of uncertainty (iç) to ±50%) particularly on the carbon content of land (IPCC, 2006).
4.2.5.2 Economic data
Economic data were gathered for processes in both foreground and background systems. Data 
on crop value were obtained from various sources (Beaton, 2006; DEFRA et a l, 2008; 
FAPRI, 2009a, 2009b; Nix, 2006). The sources for more specific data are cited where 
relevant.
4.2.6 Modelling ehoiees and assumptions
Several assumptions were incurred, whieh will be diseussed frnther in Chapter V.
This study is designed to answer the question posed in Chapter I: “What are the (global) 
environmental and economic consequences of using certain land in the UK in a certain way 
and for a certain purpose?” The aim is therefore to compare the impacts of different courses 
of action for managing land through modelling the effects of changes in land use and 
management. Given this particular research question, the type of anafysis adopted follows a 
“consequential” approach (see Chapter IE). As a result, the reported impacts refer onfy to the 
parts of the system that are affected and marginal data are used rather than average data. For 
example, changing the use of wheat from food to fuel does not affect the cultivation of wheat 
and, therefore, the impacts of continued wheat cultivation are exeluded.
The consequential method reported in Section 3.2.7 of Chapter IH is applied here for the 
assessment of land-use strategies in the UK. In line with this method, the following 
assunptions are made in this case-study anafysis:
4.2.6.1 Constant consumption
Consumption of food, energy and feed in the UK are assumed to be fixed regardless of the 
land-use strategy (see Section 3.2.6 in Chapter III), inpfying that ehanges in UK produetion 
are compensated by changes in production in Brazil, Canada, Argentina and Indonesia.
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4.2.6.2 UK marginal land
Agricultural land expansion in the UK is likefy to take place on set-aside and permanent 
grassland, both of whieh are less productive than cropland (DEFRA et al, 2010). In foct, 
their relative^ lower yield potential is the reason they were put out of production in the first 
plaee. The decrease in yields on set-aside land and permanent grassland relative to those on 
current cropland is shown in Figure 4.2 to Figure 4.8.
4.2.6.S Marginal feedstoeks and associated displaeers
Gasoline is displaced by ethanol; diesel by biodiesel; coal-generated electricity by bio­
electricity; natural gas by biomass-generated heat; soybean meal by protein feed; feedwheat 
by energy feed; palm oil by soybean oil and rapeseed oil; and a combination of feedwheat, 
pakn oil and soybean production is displaced by palm kernel and rape meals and DDGS - see 
Table 4.6 to Table 4.8.
4.2.6.4 Marginal crop sippfy (country and land)
Argentina is the marginal soybean meal sipplier; Canada is the marginal wheat sipplier to 
the UK; Indonesia is the marginal vegetable oil sipplier; and Brazil is the marginal sugar 
sipplier.
Marginal crop production overseas takes plaee in land newfy-converted fi’om the most likefy 
natural land cover (forest or grassland), inpfying that none of the marginal production comes 
fi'om yield increases overseas, but entails iLUC instead, either by expansion or contraction. 
The referenee systems in Argentina, Brazil, Canada and Indonesia is grassland, tropical 
rainforest, grassland and tropical rainforest, respectivefy. Yields on newfy-converted land in 
those countries are identical to those achieved currently there (in e&ct, there is still land 
available overseas with potential for agriculture and with productivity potential equal to 
current cropland). Land availability is not a constraint in any of these countries.
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Land Cover (Crop) Food Feed Fuel Timber C-Sink
Wheat
Food Wheat 
Feed Wheat
Feed Wheat Gasoline 
Feed Wheat 
Palm oil 
Soymeal 
Coal (F)*
Oilseed Rape
Palm oil 
Soymeal 
Feed Wheat
Diesel 
Palm oil 
Soymeal 
Feed Wheat 
Gasoline (F)* 
Coal (F)*
Barley
Palm oil 
Soymeal 
Feed Wheat
Sugar Beet
Sugar 
Palm oil 
Soymeal 
Feed Wheat 
Coal 
Lime
Gasoline 
Palm oil 
Soymeal 
Feed Wheat 
Coal 
Lime
M iscanthus
Coal
Natural Gas 
Lime
Willow SRC
Coal
Natural Gas 
Lime
9 Forestry Crops
Coal
Lime
Coal
Lime
*As opposed to the sets o f strategies D and E, strategy F (intensification) includes the use o f straw for 
energy (ethanol and/or electricity). As a result, the displaced products that are followed by “(F)” only 
apply to that strategy (and not to D and E).
4.2.6.5 Elasticity of substitution
The following commodities are considered perfect substitutes: Canadian wheat and 
UK wheat; organic wheat and conventional wheat; soybean oil, rapeseed oil and palm 
oil; biodiesel and diesel; ethanol and gasoline; sugarbeet sugar and sugarcane sugar.
4.2.6.6 Crop yields
Different crop yields have been assumed, depending on the land the crop is grown on, 
the particular management regime, and the particular use to which it is put. Figure 4.2 
to Figure 4.8 show the yield differences between land types, while Section 6.4.3.2 of 
Annex C shows the relative differences of yield between the scenarios.
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Table 4.8 Products affected in Strategies G, H and I (land expansion onto grassland)
Land Cover (Crop) Food Feed Fuel Timber C-Sink
Wheat
Food Wheat 
Feed Wheat 
Palm oil 
Soymeal
Feed Wheat 
Palm oil 
Soymeal
Gasoline 
Feed Wheat 
Palm oil 
Soymeal 
Coal (I)
Oilseed Rape
Palm oil 
Soymeal 
Feed Wheat
Diesel 
Palm oil 
Soymeal 
Feed Wheat 
Gasoline (I) 
Coal (I)
Barley
Palm oil 
Soymeal 
Feed Wheat
Sugar Beet
Sugar 
Palm oil 
Soymeal 
Feed Wheat 
Coal 
Lime
Gasoline 
Palm oil 
Soymeal 
Feed Wheat 
Coal 
Lime
M iscanthus
Coal
Natural Gas 
Lime 
Palm oil 
Soymeal 
Feed Wheat
Willow SRC
Coal
Natural Gas 
lime 
Palm oil 
Soymeal 
Feed Wheat
9 Forestry Crops
Coal 
Lime 
Palm oil 
Soymeal 
Feed Wheat
Coal 
Lime 
Palm oil 
Soymeal 
Feed Wheat
Palm oil 
Soymeal 
Feed Wheat
*As opposed to the sets o f strategies G and H, strategy I (intensification) includes the use o f straw for 
energy (ethanol and/or electricity). As a result, the displaced products that are followed by “(I)” only 
apply to that strategy (and not to G andH).
4.2.6.7 Assunptions associated with land-use change
• The consequential land-use changes in Canada and Argentina are assumed to 
be from grassland to annual cropland (wheat and soybean, respectivefy), 
whereas in Brazil and Indonesia, changes are assumed to be from tropical 
forest to perennial cropland (sugar cane and pakn, respective^). See Figure 
4.16.
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Like other inpaets, changes in above-ground and below-ground carbon due to 
land use have been assessed relative to the baseline scenario (former land use) 
and not relative to the potential carbon stock.
It is assumed that all soil and vegetation carbon released is converted to CO2 .
All land-use changes are assessed over a 20-year period in which the carbon 
stock stabilises at its new level
The magnitude of the difference between the actual and the potential carbon 
stock is proportional to the inpairment of the ability of ecosystems to provide 
services and support biodiversity, since these are directly and indirect^ 
affected by the presence of carbon (see Section 3.3.3 in Chapter III).
Legend
B -  Barley
chp -  Combined Heat and Power 
e (prefix) -  Extensification / Organic 
e (suffix) -  Electricity
FAS -  Ash, Sycamore and Silver Birch Forest
FDF -  Douglas Fir Forest
FEE -  European Larch Forest
FOB -  Oak and Beech Forest
FSP -  Scots Pine Forest
FSS -  Sitka Spruce Forest
h -  Heat
i -  Intensification
OSR -  Oilseed Rape
OSRl- OSR straw for ethanol
0SR2 -  OSR straw for electricity
0SR3 -  low yield OSR (straw for ethanol)
0SR4 -  low yield OSR (straw for electricity)
SB -  Sugar Beet 
W -  Wheat
W 1 -  Wheat straw for ethanol
W2 -  Wheat straw for electricity
W3 -  low yield wheat (straw for ethanol)
W4 -  low yield wheat (straw for electricity)
E.g. “iFueliW4” means wheat (W) for ethanol (Fuel) under an intensive management system(i), 
assuming a low yield and straw used for electricity (4).
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re£ ■ Current Cropland
■ Set-Aside
■ Permanent Grassland
Figure 4.2 Wheat yields on current cropland, set-aside and permanent grassland (extrapolated Irom 
AEA andNEA, 2008; Williams e ta l ,  2006)
6.0
■ Current Cropland
■ Set-Aside
■ Permanent Grassland
y
e-'
Figure 4.3 Oilseed rape yields on current cropland, set-aside and permanent grassland (extrapolated 
from AEA and NEA, 2008; Williams et a l ,  2006)
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8.0
7.0
6.0
5.0
4.0
3.0
2.0 
1.0 
0.0
Current Cropland 
Set-Aside
Permanent Grassland
Feeds eFeedB iFeedB
Figure 4.4 Barley yields on current cropland, set-aside and permanent grassland (extrapolated from 
WiUiams et a I., 2006)
■ Current Cropland
■ Set-Aside
■ Permanent Grassland
FoodSB FuelSB eFoodSB eFuelSB IFoodSB IFuelSBl IFuelSBZ
Figure 4.5 Sugar Beet yields on current cropland, set-aside and permanent grassland (extrapolated from 
AEA andNEA, 2008)
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30.0
« 15.0
Set-Aside
Permanent Grassland
s»
Figure 4.6 Annual yields (@30% moisture content) on set-aside and permanent grassland
(extrapolated from AEA andNEA, 2008; Elsayed et al., 2003; Szendrodi, 2006)
30.0
25.0
20.0 
^  15.0
10.0
5.0
0.0
li fa li k h h
M l
■ Set-Aside
■ Permanent Grassland
fj- ^  X  ..xf ^  og?
CP' ^  S-y  y  . y  / "  / y y
Figure 4.7 Annual Willow SRC yields (@30% moisture content) on set-aside and permanent grassland 
(extrapolated from AEA andNEA, 2008; Elsayed et a l ,  2003; Forest Research, 2003; Szendrodi,
2006)
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25.0
20.0
15.0
(D
§
10.0
5.0
0.0
LU
UO U_ U_ ULip Q Q Q CO CO CO ( p  t p  e gP  P  p  <  2  <
Set-Aside
Permanent Grassland
Figure 4.8 Annual wood yields (@50% moisture content) on set-aside and permanent grassland 
(extrapolated from AEA andNEA, 2008; Elsayed et a/., 2003; Matthews,2008b; Szendrodi, 2006)
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4.3 Life Cycle Inventoiy Amfysis
Inventory anafysis refers to the process of conpfling quantitative data on the irputs to 
and emissions from the stppfy chains under study. A life-cycle inventoiy anafysis has 
been carried out for each land-use strategy.
4.3.1 Descrption of Systems
4.3.1.1 Foreground System
In this study, the activities covered include: soil management, fertilization, weed, pest 
and disease management, harvesting, storage and drying, transport and processing. 
The inputs considered include agrochemicals, cuttings/setts, liquid fiiels, lubricating 
oil and machinery/spares plus softwood, cuttings, steel and preservatives used for 
fencing. Post-form processing is also considered.
Figure 4.9 summarises the main irputs in each land-use strategy in the foreground 
system. Irput data for all land-use strategies are shown in Annex C (Section 6.4.3).
4.3.1.1.1 Land use for food
4.3.1.1.1.1 Wheat
The most widefy-produced crop in the UK is wheat {Triticum aestivum), accounting 
for some 1.8 Mha, about 10% of agricultural land, representing 40% of arable land 
and 58% of cereal land (DEFRA et a l, 2010) of which 99% is dedicated to 
conventional production (Williams et a l, 2006).
The dififerent scenarios adopted under this combination of crop and land use reflect 
diflferent levels of intensity of production. Extensive wheat production is based on 
organic wheat.
Organic crop production is an alternative to conventional intensive production with 
reduced dependency on non-renewable resources; it focuses mainly on the production 
stage of the chain. It is distinguished from conventional forming by aiming at higher 
environmental, food quality and animal welfore standards. In this mode of production, 
nutrient management is aimed at closed-loop self-suflBciency at form-level However, 
the use of rotations, leys and green manures does not always prevent leaching despite 
ensuring nutrient availability. Organic forming relies on leguminous leys and organic
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matter inputs (such as manure and conpost) to maintain soil fertility and thereby 
avoids the GHG emissions associated with production and use of agrochemicals, 
mainly nitrate fertiliser, although it still incurs GHG emissions associated with the use 
of conpost, manures and leguminous leys. However, the alternative physical methods 
applied to manage weeds require soil cultivation with 6rm machinery, which is 
associated with CO2 emissions from fuel burning and oxidation of soil organic matter.
Propagation material 
Preservative barn
Agrochemicals 
Steel 
Softwood 
Diesel fuel
Motor spirit
Lubricating oil 
Diesel fuel
Machinery/spares
Fuel oil
Electricity
Diesel fuel
Natural gas
> f
Land-use Products
CROP
PRODUCTION
FEEDSTOCK TRANSPORT
CONVERSION
DRYING AND STORAGE
FERTILISATION
LAND PREPARATION & SOIL MANAGEMENT
WEED, PEST AND DISEASE MANAGEMENT
HARVESTING
PLANTING AND ESTABLISHMENT, 
REGENERATION
Figure 4.9 Flow chart for the production o f land-use products from 1 ha o f land in the Foreground 
System The system delimitation includes similar charts in the background system (not shown here).
Organically-managed land often presents lower yields, thus requiring more land to 
produce the same amount of products, which are typically more expensive than their 
conventional counterparts. The life-cycle inpaets may be less intensive than their 
conventional counterparts per unit of land area. However, per unit of output, the
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diflference may be reversed (Audsley et a l, 1997; M # i Canals, 2003; Williams et a l, 
2006).
Growing wheat results in the co-production of straw, and the use of this straw for 
incorporating back into the soil, for electricity, or for ethanol is included in the wheat 
scenarios. The carbon content of straw is assumed to be 49% of its dry matter. Given 
that the total straw yield is around 4 tonnes/ha (87% diy matter) (Williams et al, 
2006), the corresponding carbon in straw produced on 1 ha of wheat is around 1.4 t. 
According to the RothC model (extrapolated from Powlson et a l, 2008), 12% of this 
is ejected  to be stored long-term in the soil if returned to soil However, following a 
conprehensive review performed by the Soil Association (Azeez, 2009), the 
proportion of carbon in straw that remains in soil is taken as 7%.
The changes in output relative to the baseline are fr% conpensated by changes in 
wheat production in Canada (the marginal wheat exporter). ILUC therefore occurs as 
Canada is expected to adjust production through land expansion or contraetion. The 
difference in yields is reflected in the larger area affected in Canada, which is 
assumed to be converted from/to grassland.
4.3.1.1.1.2 Sugar Beet
Sugttr beet {Beta vulgaris L.) is less popular in the UK than in former years, being 
grown on just 3% of arable land, mainfy because of the removal of subsidies for its 
cultivation. Its high sugar content makes it potential^  a good crop for ethanol 
Processing sugar beet for either food or fiiel results in the co-production of feed (pu%), 
vinasse and tops) and lime, which can be used for livestock feed and as a fertiliser, 
respective^. There is no longer a market for organic sugar beet, so only extensive 
production is modelled.
4.3.1.1.1.3 Oilseed Rape
OilSeed Rape (OSR) {Brassica napus) is chosen because of its popularity in Europe 
as a non-cereal arable crop using some 13% of arable land (and 95% of oilseeds land) 
in the UK (DEFRA et al, 2010). Indeed, OSR is an inportant crop in terms of land 
use, the next after wheat and barley, occupying 0.6 Mha in the UK. OSR is an annual 
arable crop, formed primarify for its vegetable oil, used in human food. However, 
OSR is becoming increasing^ popular for production of biodiesel (see 4.3.1.1.3.3).
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Until recently, OSR could legally be cultivated on set-aside land. Since 2008, due to 
the removal of set-aside requirements, its land use is decreasing in the UK. In the 
baseline scenarios, rape straw is assumed to be ploughed back into the land.
4.3.1.1.2 Land use for feed
In addition to feedwheat, barley {Hordeum vulgare) is chosen because of its 
popularity in Europe as a feed crop using some 26% of arable land (and 37% of cereal 
land) in the UK (DEFRA et al, 2010). Indeed, barley is an important crop in terms of 
land use, the next after wheat, occipying 1.2 Mha. Barley is an annual arable crop, 
formed primarify for its energy content, used in animal food but also for 
brewing/distilhng.
Winter Barley is the onfy crop assessed for feed as a primary fimction. Its straw is, in 
all scenarios, assumed to be used for animal feed.
iLUC arise fi'om the production of barley itself Its use as animal feed affects the 
markets of both soybean meal and feed wheat as the marginal sources of protein and 
energy, respective^. As soybean meal is a co-product of soybean oil, it is considered 
that both are affected in Argentina, but that the soybean oil displacement is 
conpensated by the production of palm oil in Indonesia as the marginal vegetable oil 
source. Therefore, the three di&rent systems - Argentina soybean, Indonesia palm, 
and Canada feed wheat - must balance: see Section 3.2.5 in Chapter III.
4.3.1.1.3 Land use for fiiel
First generation biofiiels consist of ethanol and biodiesel from crops, which replace 
conventional petroleum-derived petrol and diesel, respective^. Ethanol is made from 
cereals (starch) and sugar crops, whereas biodiesel is made from vegetable oils. Two 
crops for ethanol and one crop for biodiesel are considered here as representative of 
biofiiel production in the UK: wheat, sugar beet and oilseed rape. Bioethanol replaces 
gasoline whereas biodiesel replaces diesel on an energy basis. It is assumed that the 
capacity of the biodiesel and ethanol plants is 40,000 and 100,000, tonnes per year, 
respective^, and that their lifetimes are 20 years, as adopted in BEAT (AEA and 
NEA, 2008).
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These land-use strategies result in the production of different forms of energy (see 
Figure 4.10). The energy yield of the different feedstocks and fiiels is shown in Table 
4.9 and Table 4.10.
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Intermediate ProductsLAND USE
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Hydrololysis, Fermentation and 
Distillation
W heat
Combustion
Figure 4.10 Energy arising from different land-use strategies 
Table 4.9 Energy yield (net calorific value) and density o f fuels
Feedstock Fuel produced Energy yield of 
fuel (MJ/kg)*
Litres/kg fuel
Wheat, Sugar Beet, Straw Bioethanol 26.8 1.259
Oilseed Rape Biodiesel 37.2 1.124
dower heating value (LHV, see Glossary)
Table 4.10 Energy yield (net calorific value) of feedstocks, per oven-dried tonne (odt)
Feedstock Energy yield of 
feedstock (GJ/odt)*
Euel produced
Straw 15.1
Electricity 
and/or heat
Miscanthus bales 17.2
Wood chips from forestry 18.4
Wood chips from SRC 15.4
* lower heating value (LHV, see Glossary)
4.3.1.1.3.1 Wheat
Converting wheat grain into ethanol results in the co-production of Dried Distillers 
Grains with Solubles (DDGS), which is used as animal feed and thereby displaces 
soybean meal inported from Argentina and feed wheat from Canada, as the marginal 
source of fodder protein and energy, respectively.
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As it is assumed that consunption of wheat in the UK does not decrease, diverting 
wheat from fi)od purposes (in the set of scenarios where existing cropland is the 
baseline) is conpensated by increased wheat inports for food. As in the case of wheat 
for food (see Section 4.3.1.1.1.1), Canadian production is assumed to respond by 
increasing production through land expansion at the expense of grassland (see Section 
4.2.Ô.4 and Chapter m). In the intensive management scenarios, the co-production of 
4 1 of straw per ha is exported from the agricultural system and used for ethanol
In the scenarios where extra production is taking place on previous^ uncultivated 
land (set-aside), no iLUC occur from the production of ethanol itself but rather from 
the co-production of DDGS. Like barley, its use as animal feed affects the markets of 
soybean meal, feed wheat and also vegetable oil
4.3.1.1.3.2 Sugar Beet
The production of sugar beet for ethanol may displace gasoline or sugar-cane ethanol 
and, if diverted from food purposes, will result in the extra importation of sugar from 
Brazil The displacement of feed crops and fertiliser and their associated inpacts is 
included in the anafysis, as well as the displacement of petrol from fossil 
hydrocarbons. Due to its high sugar content, sugar cane is the world’s most popular 
crop for ethanol production and Brazil its main producer. Its production may come 
from land which has previous^ been dense in carbon in both vegetation and soil 
There are no co-products as the bagasse is assumed to be used within the conversion 
plant.
The co-production of beet pu%) provides animal feed which, in turn, results in 
decreased feed production in the net exporters.
4.3.1.1.3.3 Oilseed Rape
Oilseed rape (OSR) is a common crop for biodiesel It is associated with the co­
production of rapemeal, which can be used as animal feed. The displacement of feed 
crops and their associated inpacts is included in the analysis, as well as the 
displacement of diesel fuel Alternatively, the feedstock for the biodiesel consumed in 
the UK is assumed to be inported from Indonesia (palm of). Like the other
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agricultural commodities, it is fiirther assumed that the decreased production in 
Indonesia results in reduced expansion of cultivable land (as opposed to yield 
decreases).
4.3.1.1.3.4 Miscanthus and Willow SRC
The ligno-cellulosie crops considered are elephant grass {Miscanthus x  giganteus), 
and willow {Salix viminalis) under a short-rotation coppice (SRC) regime, as these are 
the most relevant for UK conditions. Miscanthus and Willow SRC are the most 
popular biomass crops in the UK due to their high biomass yield and their attractive 
GHG balance (Brandao et a l, 2011). Energy crops occupied 13.2 thousand hectares 
of agricultural land in 2007, of which Miscanthus occipied 9.8 thousand ha (or 67% 
of the total area dedicated to biomass crops) (DEFRA et a l, 2009). Their current 
proportion of agricultural land use is relatively insignificant (<0.1 %) but would grow 
substantially if recommendations by the Royal Commission on Environmental 
Pollution (RCEP, 2000, 2004) are followed and the market for energy crops develops 
(Brandao et a l, 2011).
These crops are orûy considered in the second set of strategies (ie. land expansion 
onto set-aside and grassland), as displacement of cropland/arable land is not realistic. 
Growing these biomass crops results in no co-products since all the biomass harvested 
is used for electricity and/or heat production. There is no iLUC unless they are grown 
on land that was previous^ grassland, but coal (as the marginal electricity feedstock) 
and natural gas (as the marginal heat feedstock) are displaced.
Miscanthus is a C4 perennial energy and fibre crop. Alternative uses include animal 
bedding, paper making, biopofymer manufocture, and biodegradable products 
production (e.g. flowerpots). Miscanthus is indigenous to Africa and Asia but is now 
grown commercial^  in the UK (Andersen et a l, 2005; Lewandowski et a l, 2000; 
Nix, 2006; RCEP, 2004; Tuck et a l, 2006). Miscanthus is propagated vegetatively 
from rhizomes or by micro-propagation, from commercial^  available materials which 
can be planted with existing machinery used for more conventional crops. It takes one 
year for establishment; weed control and fertilizer iiputs are essential at establishment 
but not subsequently. It is harvested annual^  in winter by cutting and baling into 
Heston bales containing 500 -  600 kg, and stored outside until dispatch to the end 
user. Miscanthus is a low-input energy crop that yields a rapid commercial output and
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is therefore associated with low barriers to introduction. It typicalfy has a useM 
cropping cycle of 15-20 years, yielding rp to 20 oven-dry tonnes per hectare and year 
(odt ha'^  yr'^y in ideal conditions after a maturing period of two to three years 
(Lewandowski et a l, 1995; Price et a l, 2004). However, inproved cultivation 
practices and cultivars can give hi^er yield or enable lower quality land to be used 
(DEFRA, 2007; Powlson et a l, 2005).
The anafysis here is based on the assunption of an effective annual yield of 12.6 odt 
ha'^  yr'^  over 14 years following establishment (18.0 t ha‘  ^ yr'^  at 30% moisture 
content) allowing for 10% losses during harvest and baling ,^ 3% losses in transport, 
15% in diying and storage and 3% during the last transport stage to the plant (AEA 
and NEA, 2008; DEFRA, 2006; Elsayed et a l, 2003; Lewandowski et a l, 1995; Price 
et a l, 2004). Data on yield, irputs, outputs, and carbon sequestration have been 
obtained from the literature (AEA and NEA, 2008; Clifton-Brown et a l, 2004; 
Clifton-Brown et a l, 2007; Dawson and Smith, 2007; Elsayed et a l, 2003; IPCC,
2006; Lewandowski and Heinz, 2003; Styles and Jones, 2008).
Power, heat or combined heat and power (CHP) may be generated from the 
combustion of Miscanthus. The plant’s construction, maintenance and 
decommissioning are based on BEAT -  Biomass Environmental Assessment Tool
(AEA and NEA, 2008); and their details are specified in Table 4.12.
Short-rotation coppice (SRC), as opposed to traditional ‘long-rotation’ forestry 
management, refers to the practice of managing plantations of fest-growing perennial 
woody crops, such as Willow, in order to maximise its biomass productivity and 
harvest potential fr)r energy purposes. Coppicing involves the regular harvest of wood 
from the rootstock. When harvested, clipped and dried, it can be used as a fuel for 
heat and power generation. There are, current^ , around 3,420 ha of SRC in the UK 
(Biomass Energy Centre; DEFRA et a l, 2009).
Like Miscanthus, willow is propagated vegetative^ using commercial^  available 
cuttings; pest and weed control are essential in the first two years. After one or two 
years to establish growth, the crop is harvested every three years. The productive
odt - at 0% moisture content, for practical purposes 
 ^Losses are due to crop tranpling by machinery, to excessive moisture content and to fallen leaves and 
tops.
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period of willow is 15 to 30 years (Elsayed et a l, 2003; Nix, 2006). The amiualised 
average yield of a mature crop of current cultivars is typicalfy around 10 odt ha'^  yr'^  
(Biomass Energy Centre, 2009; Elsayed et a l, 2003), but yields are rising with the 
introduction of inproved strains and can be in excess of 20 odt ha'^  yr'^  (Forest 
Research, 2003). A 23-year rotation averaging 7 odt ha‘  ^ yr'^  is conservative^ 
assumed here, which is in line with the BEAT model. Biomass yields for the whole 
rotation are therefore assumed to be 161 odt ha" \
There are different harvesting techniques: combined harvesting and baling, and stick 
harvesting and baling. The latter was assumed here as it is common practice in the UK 
(Elsayed et a l, 2003). The harvested crop is commonfy stored on-form as billets. It 
can then be clipped or processed into granules (DEFRA, 2002). Wood chps are 
combusted for the production of power, heat or CHP (see Table 4.12).
4.3.1.1.3.5 Forestry Crops
Commercial forestry and forests are a major land-use in the UK, occipying 2,841 ha 
(12.5% of total) (Forestry Commission, 2009). Scots Pine {Pinus sylvestris), European 
Larch {Larix decidua), Sitka Spruce (Picea sitchensis) and Douglas Fir {Pseudotsuga 
spp.) are considered here as popular conifer forestry crops. Two mixes of broadleaf 
species, one consisting of English Oak (Quercus robur) and Beech (Fagus sylvatica) 
and the other of Silver Birch (Betula pendula). Ash (Fraxinus excelsior) and 
Sycamore {Acer pseudoplatanus), are the last land-use strategies considered. Their 
yields and rotation periods are shown in Table 4.11.
Species Yield
Qass*
Rotation
(years)
Timber accumulation (m^/ha)**
Accumulated
thinnings
Final
felling
Total
Scots Pine 8 63 256 376 633
European Larch 8 52 162 192 354
Sitka Spmce 16 52 325 367 692
Douglas Fir 52 50 489 395 884
English Oak, Beech 4 100 154 172 326
Silver Birch, Ash, Sycamore 6 60 134 157 291
maximum attainable mean annual increment.
**1 m^  o f freshly cut timber (50% moisture content) weighs approximately 1 t
When harvested, these plantations yield timber and residues that can be used for 
energy productioa The resulting chps can be used for heat and/or power, through 
combustion, pyro^sis or gasification although orUy combustion is assessed here.
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Table 4.12 shows the di&rent energy pathways from the di&rent bioenergy 
feedstocks. From fossil fuels, the values adopted for the efficiency of coal-fired 
electricity generation in the UK was 35.7% (DUKES, 2010). The output from CHP 
plants is considered to be a 4:1 ratio of heat to electricity production. Natural-gas- 
fired stations are assumed to have a 76% thermal efficiency (DUKES, 2010).
Plant Capacity (MW) Load factor (%) EfFiciency (%) Lifetime (years)
Electricity 40 85 25 25
Heat 0.8 65 80 25
CHP 10 55 75 25
Typical forestry practice in the UK is represented in this work by production of the 
above forestry species. For exanple, a 63-year rotation is assumed for Scots Pine. 
According to the BSORT model (Matthews, 2008a), the total harvest is based on yield 
class 8 (Le. 8m^  ha'^  yr"^  stem volume production over the rotation), resulting in a 
total yield of 97 odt ha'^  of sawlogs, 75 odt ha"^  of roundwood, 63 odt ha'^  of roots, 45 
odt ha"^  of branches, 20 odt ha'^  of fohage, 12 odt ha'^  of stem tps, and 5 odt ha'^  of 
sturrp, over the course of the rotation (Matthews, 2008a), as shown in Figure 4.11.
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Figure 4.11 Total biomass production from a 63-year Scots pine rotation (Matthews, 2008a)
These land-use strategies result in the co-production of forest residues (see Table 
4.13). Forest residues refer to all forest material which may be of too poor a quality 
for traditional timber markets; this includes residues arising from forestry operations, 
such as tops of stems, side branches (which may include foliage), diseased wood and
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deadwood (McKay, 2006), as well as those derived as chunks from sawn timber 
milling waste (AEA and NEA, 2008; Elsayed et al, 2003). These materials are 
normalfy treated as waste, or at best considered a by-product. The Biomass Energy 
Centre (2009) estimates that almost 6.5 million odt per year can be made available 
from UK forest and woodlands, considering technical and environmental constraints 
but not economic and market constraints. Insensitive harvesting of residues (e.g. 
overharvesting, heavy machinery) from forests can have detrimental inpacts on 
biodiversity. In this study, forestry residues are assumed to conprise all the waste 
wood chunks (which are 13.8% of sawlogs) and branchwood and, in the case of 
broadleaf species, all the roundwood (Matthews, 2008b).
Table 4.13 Yearly biomass and residue production
Species Annualised total Annualised forest
biomass yield (odt) residue yield (odt)
Scots Pine 5.02 0.92
European Larch 3.40 0.62
Sitka Spmce 6.65 1.21
Douglas Fir 8.84 1.57
English Oak, Beech 1.63 0.71
Silver Birch, Ash, Sycamore 2.43 1.05
4.3.1.1.3.6 Diversion from other uses
Forestry residues and straw can be utilized fr>r energy production. Forestry residues 
are turned into wood chps, which are combusted for the production of heat, electricity 
or CHP. Straw has been assessed fr>r the production of heat, electricity and CHP, as 
well as ethanol
Since waste will be produced whether it is used or not, aEocation of the environmental 
load between waste and the other co-products (e.g. straw and grain; or residues, 
sawlogs and small roundwood) was not necessary as the other co-products are parts of 
the baseline scenarios and onfy changes to the baseline scenarios are modelled (see 
the allocation methodology and the consequential type of anafysis adopted in Sections 
4.2.1, 4.2.4 and 4.3.1.1). As a result, onfy the environmental load related to coUection, 
extraction, transport, drying and storage, processing and energy generation is 
included, as well as the foregone carbon sequestration in soil, which is estimated at 
25% of the carbon (Schlamadinger et al, 1995) fi)r forest residues and 7% fr>r straw 
(Azeez, 2009). In the case of firrestry residues, part of the residues originates from
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chunks from the sawlogs route. The environmental load of transport and milling of
sawlogs was aflocated to timber as the primary product, and therefore excluded from
this anafysis. The transformation of chunks into chps is regarded as a means of
valorisation; therefore, aU inputs related to clipping of chunks were allocated to the 
chps. However, the diversion of wastewood chunks from landfilling with energy 
recovery results in the use of extra coal to conpensate for the foregone electricity 
(627 kWh/t, AEA and NEA, 2008). This is counterbalanced by the avoided use of 
coal due to the alternative recoveiy of energy from this waste.
4.3.1.1.4 Land use for timber
Like the other land-use strategies, the forestry system is based on typical practice in 
the UK (AEA and NEA, 2008; Elsayed et a l, 2003).
The orûy difiference between the scenarios under this strategy and those under 
‘Torestry crops for fuel” is that no fuel is produced under this scenario and the timber 
harvested is assumed to have a life of 50 years after harvest. This figure is
conservative: according to the Forestry Commission (2011), “today the average
service life of a wooden house is between 80-100 years, with some builders
guaranteeing a lifetime of 125 years”. The carbon content is treated by the method 
reported in Chapter m, with a GHG credit given for the amount of time that carbon is 
stored out of the atmosphere. This strategy, therefore, results in harvested wood
products that are credited for acting as a sink and locking carbon out of the
atmosphere for 50 years longer than the strategy where wood is burned for electricity.
4.3.1.1.5 Land use for carbon sink
Unlike the other land uses (food, feed, fuel and forestry), the forestry crops planted in 
this strategy do not provide a product; their purpose is to serve as an extractor and 
sink for atmospheric carbon. The strategy is similar to the preceding one (Section 
4.3.1.1.4), but the carbon in the wood is considered to be sequestered permanently, 
not tenporarily. In addition, there is no harvesting, transport, processing, etc.
4.3.1.1.6 Economic value
Chapter HI explains the approach taken in the paraUel economic assessment, which 
essentialfy consists of modelling of changes in global GDP, which can be broken
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down between the changes in the national GDP figures of the foreground (UK) and 
the background (Canada, Brazil, Argentina and Indonesia) systems. The value added 
for a range of commodities/processes in the foreground system is shown in Table
4.14. The figures refer to the 2007 market price of finished products and, in the case 
of set-aside and grassland, to the costs of intermediate products, because the most 
recent economic data available for some commodities referred to 2007. All other data 
also refer to 2007 to ensure consistency. Taxes (e.g. VAl) and duties are excluded.
Table 4.14 Economic value added generated by a range o f commodities in the foreground system  
(extrapolated from Beaton, 2006; Biomass Energy Centre, 2009; DECC, 2010; DEFRA eta l., 2008,
Product Economic Value GBP (£)
Ethanol (1) 0.38
Biodiesel (1) 0.52
Wheat (t) 82.50
Feed wheat (t) 75.00
Wheat/o s r s traw (t) 22.50
Organie wheat (t) 145.00
Organie wheat straw (t) 125.00
Oilseed rape (t) 150.00
Rapes eed meal (t) 77.95
Barley (t) 70.00
Barley straw (t) 27.50
Organie barley (t) 140.00
Sugar beet (t) 22.67
Sugar beet tops (t) 10.00
Sugar beet pulp (t) 72.50
Sugar beet vinasses (t) 122.15
Organic sugar beet (t) 45.00
Wood chips (t) @30% 80.00
Set-aside maintenance (ha) 15.85
Grassland (ha) 428.46
MiscanthushdlQS (t) @30% 75.00
Conifers -  thinning (m"*) 5.09
Conifers -  subsequent thinnings (m )^ 8.12
Conifers -  clearfelling (m )^ 13.77
Hardwoods -  P* thinning (m )^ 6.00
Hardwoods -  subsequent thinnings (m"*) 17.50
Hardwoods -  clearfelling (m )^ 67.50
4.3.1.1.7 Carbon stocks
Figure 4.12 shows the carbon content associated with the different land uses in the 
UK, including set-aside land. All these values are in line with estimates of soft carbon 
stocks in different countries fi'om the UK Renewable Fuels Agency (RFA, 2009; 
Watson, 2010), which adopt an intermediate value between the highest and lowest 
values. It is assumed that aft carbon captured as SOC comes fi’om atmospheric CO2
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through photosynthesis and that all SOC degraded is emitted as CO2 to the 
atmosphere (see carbon cycle in Chapter II). The native ecosystem in the UK is 
assumed to be tenperate forest (Climate Region: Cold temperate, wet). Figure 4.12 
shows the potential levels of carbon in soil and vegetation for UK as 121.5 and 90 t 
C/ha, respectively.
In addition. Figure 4.13 shows changes in terrestrial carbon stocks 20 years after the 
land transformations from set-aside and grassland to annual and perennial cropping, 
as well as to forest.
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Figure 4.12 Carbon density of the different land uses in different pools in the UK land uses 
(extrapolated from Azeez, 2009; IPCC, 2003, 2006).
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Figure 4.13 Carbon stock changes following land-use changes from set-aside and grassland 
(extrapolated from IPCC, 2006)
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4.3.1.2 Background System
The inclusion of iLUC and associated changes in the carbon stock of land under a 
consequential framework is the most novel aspect of this research in terms of life 
cycle inventory methodology.
Changed levels of domestic production of food or feed will result in changes in 
production of marginal food or feed produets. Similar ,^ increased bioftiel or biomass 
production from additional land use for fiiel will displace primarify fossil fiiels. There 
are four different types of products that can be affected or displaced: food products 
(e.g. wheat, when grain is diverted for bioethanol production), feed (e.g. when barley 
is produced or when co-products of biofiiel production, e.g. DDGS and rapemeal, are 
used as feed), vehicle friel (when biodiesel or bioethanol is produced) and electricity 
(when dedicated biomass crops are produced).
The background system, as mentioned above, includes aft displaced production, both 
domestic and overseas. Physical and economic data on overseas production is based 
on Schmidt (2007), the UK Renewable Fuels Agency (2009), FAO (2009) and FAPRI 
(2007; 2009a).
Figure 4.14 summarises the method set out in Chapter m  for identifying the affected 
products which, together with identification of the marginal producers, lead to 
quantified scenarios for the consequential modelling under the di&rent land-use 
strategies. The left side of the chart shows the replacement of fossil ftiels by biomass 
and bioftiels, while the right side shows the different food and feed products affected 
as along with the cascading effects on the marginal e?q)orters of those commodities.
The commodities of most concern here are wheat (affected by UK wheat and the 
marginal source of feed energy), soybean meal (the marginal source of feed protein), 
palm oft (the marginal vegetable oft) and sugar (affected by UK sugar). Despite the 
suggestion of Table 3.5 in Chapter m, Argentina was not adopted as the country 
affected by changes in UK wheat production, because data specific to the UK are 
available for wheat and show that Canada is the marginal exporter of wheat into the 
UK, with an average annual increase more than five times higher than that of the next 
country (Itafy) over the 10-year period (1997 - 2007, DEFRA et a l, 2010). However, 
foreeasts show that Canada is only the 4^  ^ largest net exporter (after the USA, Russia
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and Australia) and that Canadian net exports are decreasing over the 10-year period 
2008/09 - 2018-2019 (FAPRI, 2009b). Estimates of volumes and countries of origin 
of inports into the UK for aft other crop commodities were not found and, therefore, 
the countries experiencing the highest absolute increase in the volume of net exports 
have been adopted as the countries of origin for UK inports.
In Chapter IE, Table 3.5 suggests Argentina and Indonesia as the marginal exporters 
of soybean meal and palm oil, respective^. Therefore, both countries (together with 
Canada) will be affected by changes in UK feed production. SMarfy, the marginal 
exporter of sugar displaced by sugar beet production in UK is, unsurprisingly, Brazil.
Furthermore, Figure 4.14 and Table 4.6 to Table 4.8 expEcitfy show the products 
affected, including those displaced, for each strategy, ie. land use - crop combination, 
for the three sets of scenarios: on cropland (strategies A, B, C), on set-aside (strategies 
D, E, F) and on permanent grassland (strategies G, H, I). The reference land systems 
in the third set of strategies (G, H, I) displaces grassland, which explains why palm 
oil, soybean meal and feedwheat are always affected, mainfy by displacement of 
fodder from grassland. On set-aside (D, E, F) this could onfy arise via exctra co­
production of feed, not through displaeement of the reference land system.
Figure 4.15 shows, as an example, the system dynamics for one of the scenarios 
where the products produced and displaced are identified and quantified, along with 
the direct and indirect land-use changes. This exanple shows how diverting the output 
of wheat from food to fuel from lha in UK results in several consequential 
displacements. Diverting it for food means that reduced production by 7.1 t of milling 
wheat in the UK is conpensated by exctra production in Canada, as the marginal wheat 
exporter. As yields are considerabfy lower there, the exctra production of this amount 
of wheat requires the conversion of 3.1 ha of land. The wheat grain is used for ethanol 
production (2.27 t) which results in the displacement of 1.4 t of gasoline or, if one 
assumes that bioethanol from the marginal exporter is displaced instead, 1.2 ha of 
sugarcane are saved in BrazD. The co-production of DDGS (2.6 t) displaces 0.8 t of 
feed wheat and 1.4 t soybean meal The decreased production of soybean oil is 
conpensated by the exctra production of 0.3 t of palm oil (and associated co-products). 
These result in the saving of 0.4 ha and 0.9 ha in Canada and Argentina, respective^ 
(as these are the marginal exporters of those commodities), and 0.08 ha are brought
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into production in Indonesia (replacing that area of tropical forest, as the marginal 
land there). Resulting from the change in straw production, 3.3 extra kg of phosphate 
fertiliser are needed to conpensate the decreased phosphorus irput from straw 
incorporation, as its yield is sEghtly less under wheat production for ethanol
The system diagrams for aft other scenarios can be found in Section 6.4 of Annex B 
which, among other things, shows the magnitude of iLUC resulting from each 
strategy. Input data for all affected crops and land uses in the background system are 
shown in Annex C (Section 6.4.4).
4.3.1.2.1 Defouk values of marginal processes
The emission foctors for the marginal feedstocks in the background system that 
substitute (or are substituted by) those in the foreground system can be found in Table
4.15, which also shows the physical properties (density and energy content) for a 
range of fiiels. The defoult GHG values for marginal land can be found in Table 4.16.
Table 4.15 Default emission factors for a range o f commodities affected due to substitution effects
Fuel / Product Litres/kg MJ / kg* kWh / kg
Carbon Intensity
(g COi-eq. / MJ) (kg COz-eq. / 1)
Gasoline 1.362 43.2 84.8 3,663
Diesel 1.153 43.1 86.4 3,724
Coal 24.89 6.914 112 2,788
Natural gas 52.82 13.22 62 3,275
P2O5 596
Lime 49
Sugar 416
Indonesia Palm oil 2,470
Argentina soybean meal (dry) 373
Canadian Wheat (dry) 640
Tower heating value (LHV, see Glossary)
Table 4.16 Default life cycle GHG emission factors for marginal land (extrapolated from AEA and 
NEA, 2008; Williams e? a/., 2006)
kg COi-eq. /  ha
Set-aside 71
Grassland 4,200
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4.3.1.2.2 Economic value
The economic value added by the various processes generated or displaced in the 
background systems is shown in Table 4.17, whieh mainly reflects prices on the 
international market. These figures refer to the economic value added of the different 
processes in the background system as a result of changes in the foreground system.
Table 4.17 Economic value added o f a range o f commodities 
from DECC, 2008; DECC, 2010; FAPRI, 2007; REA, 2009)
in the background system (extrapolated
Product Economic Value GBP (£)
USD ($) 0.52
Unleaded gasoline (1) 0.31*
Diesel (1) 0.34*
Coal (GJ) 1.81
Gas (MWh) 11.86
P2O5 fertiliser (kg) 0.31
Limestone (t) 9.00
Canada wheat (t) 108.00
Indonesia palm oil (t) 299.56
Brazil sugar(t) 236.33
Argentina soybean meal (t) 117.17
Canada feed wheat (t) 97.00
*2007-2008 average, excl. VAT & duty
4.3.1.2.3 Carbon stocks
In addition to Figure 4.16, Table 4.18 includes values of soil carbon emissions or 
sequestration for all land changes in the background system, assessed 20 years after 
the transformation.
Argentina Brazil Canada Indonesia
-100
-150
-200
-250
I  G rassland t o  A nnu al C ropping
I G rassland t o  P eren n ia l C roppin g
■  F orest to  A nnu al C ropping
F orest to  P eren n ia l C ropping
-204
Figure 4.16 Changes in carbon stocks in consequential land-use changes (extrapolated from IPCC, 
2006). The land-use changes considered in each country are within the red rectangle. Reverse changes 
in land use are assumed to result in reverse changes in carbon stocks.
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Table 4.18 Carbon stock(tC ha'^)in soil, dead organic matter (DOM) and biomass, extrapolated from 
IPCC (2003; 2006)
Climate
Region
Land-Use Type
Country Pool Native
Ecosystem Grassland
Long-term Cultivated 
(conventional)
Perennial / 
Tree Crop
Cold Soil 35 35 27.3 35
Canada tenperate, DOM 27.5 27.5 0 0
dry Biomass 60 6.1 3.1 2.1
Tropical,
wet
Soil 87 59.8 59.8
Indonesia DOM 3.7 0 0
Biomass 150 0 10
Warm Soil 44.5 44.5 34.7
Argentina tenperate, DOM 24.3 0 0
dry Biomass 60 6.1 3.1
Tropical,
wet
Soil 87 27.1 87
Brazil DOM 3.7 0 0
Biomass 150 0 10
Note; Values in bold are adopted as the relevant references values for the land transformations relevant 
to this study.
4.3.2 Inventory results
The following three subsections present the inventoiy results covering indirect land 
use changes (ha), biomass (fresh t) and carbon sequestration (tC). Both biomass 
production and carbon sequestration are inportant ecosystem services. The frül LCI 
results can be found in Appendix 6.4.8.
4.3.2.1 Strategies for Current Cropland (set A, B and C)
One hectare used in the UK for a particular purpose affects land use elsewhere in the 
world. While some UK land strategies result in conversion of land into cropland 
overseas, other strategies have the opposite result by displacing production overseas, 
allowing land to be converted back to the reference system. iLUC ranges from -1.3 
(Le. iLUC is avoided) to +2.5ha, mainfy in Canada; the former referring to
intensification of sugar beet production for food and the latter to extensifrcation of 
wheat and diverting it for ethanol There are no iLUC eJfects from the use of waste: 
diverting wheat or oilseed rape straw and forestry residues to ethanol, electricity, heat 
or CHP has no effect on land use abroad because it replaces fossil fuel
The different strategies - diversion, extensifrcation and intensification - have
inplications on how much biomass the agroecosystem produces. Diverting food to
other purposes should not have an effect on biomass production. However, given that
yields are slightfy dependent on use (perhaps due to the different reference sources
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used, e.g. yield of wheat for foel is slightfy higher than that for food), there is some 
variability within each strategy. There are no changes in biomass production in the 
strategies related to the diversion of waste (straw and forestry residues) from soil to 
energy purposes.
Carbon sequestration is another inportant ecosystem service that mitigates climate 
change, the rate of which varies between the different strategies. Diverting food to 
other purposes should not have an effect on carbon sequestration. However, 
management practices affect the carbon balances. Carbon sequestration decreases in 
the strategies involving diversion of waste (straw and forestry residues) from soil to 
energy purposes, whereas extensive management (e.g. organic) tends to sequester 
carbon.
4.3.2.2 Strategies for Land Expansion onto Set-Aside (set D, Band F)
Appendix 6.4.S.2 shows the land use changes for each of the related marginal 
producers, as well as the changes in biomass production as a result of expanding 
cropland onto set-aside, and in carbon sequestration as a result of e^ qianding cropland 
onto set-aside. Total iLUC varies from -4ha to Oha, mainfy in Canada, while 
Indonesia sees some minor changes. Biomass varies between 5 and 80 fresh tonnes of 
biomass, mainfy in the UK. Carbon sequestration varies between -2t and lit , mainfy 
in the UK.
4.3.2.3 Strategies for Land Expansion onto Grassland (set G, H and I)
Appendix 6.4.8.3 shows how much land use changes to and from the reference system 
in each of the related marginal producers, as well as the changes in biomass 
production and in carbon sequestration as a result of expanding cropland onto 
grassland.
iLUC varies from 1 to 4ha, mainfy in Canada, to conpensate for the foregone feed. 
Grassland produces 11.1 tonnes of dry matter (Nix, 2006) which makes one-fifth of 
the total wet biomass (Hopkins, 2000). This results in a reference biomass production 
of 56 tonnes per ha and year, which is more than any alternative land use on 
permanent grassland. There is more carbon sequestered with perennial crops than with 
arable crops, the latter being actualfy responsible for a negative balance.
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4.4 Life Cycle Inpact Assessment
Conventional^ , the next phase in LCA is to classify the irputs and emissions to 
express their significance in terms of contributions to a recognized set of 
environmental inpact categories; this phase is termed Life Cycle Inpact Assessment 
(LCIA). For the reasons explained in earlier chapters, three inpact categories were 
selected for specific attention: climate change (measured as relative GWP, including 
biogenic emissions and tenporary carbon flows), ecosystem services and biodiversity 
(ecosystem carbon stock appropriated by humans, HAPECS) and economic added 
value (GDP).
The environmental and economic results in this section are expressed on the basis of 
the system delimitation identified in Section 4.2.4. The results that follow will be 
fiirther discussed in Chapter V. For an overview of the land-use strategies modelled 
see Figure 4.1 and Tables 4.1 and 4.2.
4.4.1 Strategies for Current Cropland (set A, B and C)
4.4.1.1 Climate Change
Appendix 6.4.9.2.1 shows the climate change inpacts of the dififerent strategies for all 
crops, showing the contributions of the different conponents in the foreground and 
background systems, including biogenic carbon release and sequestration.
The relative benefit of the land-use strategies depends on the crop under anafysis. In 
the case of wheat, fi)r exanple, most changes fi'om the reference system (food) are 
environmentalfy benign; however, in the case of oilseed rape, most strategies result in 
no climate benefits fi’om changing current use.
All strategies result in lower inpacts in the foreground system (brown and green in 
the bars of the figures in Appendix 6.4.9.2.1), with the exception of the intensification 
(i) and waste-to-fiiel (WtF) strategies. Therefore, this inpact category is clearfy 
dominated by the background system. Displaced production of fossil fiiels plays a 
significant role in the fiiel strategies but is, generalfy, not the most inportant system 
conponent. Emissions (or displacement thereof from the background system related 
to food, feed and vegetable oil and the associated land-use changes are significant 
contributors to the total inpact, both positively (extra production) and negativefy 
(displaced production).
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Diverting wheat from food to feed production always results in GHG savings, 
regardless of the level of management intensity (ie. organic or intensive), due to the 
avoided emissions of both production and land-use change in Canada. Diverting food 
crops (wheat, oilseed rape, sugar beet) for fuel results in increased GHG emissions for 
wheat and oilseed rape, but saves a significant amount of GHGs from fossil-fiiel 
displacement when sugar beet is diverted for ethanol production. While ethanol 
production from beet may save GHGs, biodiesel production from oilseed rape never 
saves GHGs. In foct, using oilseed rape for biodiesel is the worst use that can be made 
of it because, even though it saves fossil fiiel emissions in the foreground system, it 
has severe iLUC effects in the background system that for outweigh the GHG 
balances in the UK. This is due to increased palm oil production and the associated 
land use change requirement to replace the foregone rapeseed o f Diverting residues 
(straw from wheat and oilseed rape, forestry residues) from soi incorporation to 
energy recovery is beneficial for climate, even though in the case of straw more 
fertiliser is required. Using straw for bioethanol saves as much GHGs as using f  for 
electricity production; for CHP saves more whie for heat less. The emissions of 
biogenic and fossi GHGs associated wih recovering energy from forest residues are 
fiify conpensated by the amount of fossi fiiels displaced, which are coal and natural 
gas for electricity and heat, respective^ (see Table 4.6 to Table 4.8). It can be noted 
that CHP is the best use of wood chps, foiowed by electriciy and then heat 
production.
Extensifrcation for food saves GHGs in the production of wheat and oiseed rape, but 
not of sugar beet. Converse^, extensifrcation for fiiel increases GHGs for wheat, 
oiseed rape and sugar beet. Organic barley production decreases GHGs in the 
foreground system which, when coipled wih those from feed and vegetable o i in the 
background system, resuis in net savings.
Crop intensification always saves GHGs due to the displacement of production 
overseas, with the exception of oiseed rape for biodiesel as the displaced fossi fiiel 
emissions do not fiify conpensate for the increased emission from feed and vegetable 
o i production and associated fl^ UC.
The strategies resuiing in the most GHG savings depend on the particular crop under 
anafysis. For wheat, oiseed rape and barley, the best strategy is organic production
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(ie. extensifrcation) due to the avoided fossil-based emissions in the UK. For sugar 
beet, intensive ethanol production is the best strategy. Although it results in 
substantial emissions (more than any other strategy) in the foreground system, these 
are more than conpensated by the avoided emissions fi*om fossil fiiels and feed 
production in the background system
4.4.1.2 Ecosystem Services and Biodiversity
Appendix 6.4.9.2.2 shows the inpacts of the different strategies for aU crops on 
ecosystem services and biodiversity, showing the contributions of the different 
conponents in the foreground and background systems.
Given that the ecosystem services and biodiversity indicator adopted, human 
appropriation of ecosystem carbon stock (HAPECS), is based on the foregone carbon 
stock as a proxy indicator for inpacts on ecosystem services and biodiversity, a 
negative correlation with carbon sequestration is to be expected as HAPECS 
represents a carbon deficit, even though the latter is one-dimensional whfe HAPECS 
is two-dimensional (involving time).
Diverting wheat from food to feed purposes does not have a significant inpact on 
ecosystem services and biodiversity. Converse^, diverting sugar beet for fuel affects 
ecosystem services and biodiversity negativefy in BrazD, Indonesia and Canada as 
land is converted there to conpensate for the decreased crop production in the UK. 
The extra production of feed involved in the fuel strategies results in the saving of 
land in Argentina, which is beneficial to ecosystem services and biodiversity. The 
diversion of vegetable oil from oilseed rape to biodiesel purposes has a large inpact 
on ecosystem services and biodiversity in Indonesia as it conpensates for the 
foregone vegetable of. Diverting residues (straw, forestry residues) has a relativefy 
low inpact on ecosystem services and biodiversity.
In extensifrcation, the higher level of sofl carbon obtained from converting to organic 
systems inplies that they have an ecosystem services and biodiversity benefit. This is 
the case for organic wheat, oilseed rape and barley, which have a negative (in a 
numerical sense, positive in terms of being beneficial) inpact on ecosystem services 
and biodiversity.
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Intensification has generalfy a low inpact, with the exception of sugar beet because 
land is saved in the background system (tropical forest in Brazil).
4.4.1.3 Economic value
Appendix 6.4.9.2.3 shows the inpacts of the different diversion strategies for all crops 
on economic value (Le. contribution to GDP), showing the contributions of the
different conponents in the foreground and background systems.
All strategies result in an overall increase in global economic value, due to increased 
production, with the exception of intensive production for food (wheat and oilseed 
rape), extensive ethanol production (sugar beet), and heat and CHP from forestry 
residues. A significant portion of the value that is created or displaced is in the 
background system Intensive biofiiel production presents the highest net value added
with high economic inplications both domesticalfy and overseas. This is the case for
ethanol from wheat and sugar beet, and biodiesel from oilseed rape. Organic/extensive 
food and feed production generates more total value than its intensive counterpart.
Straw is more economicalfy valuable when used for bioethanol than when used for 
electricity and/or heat. Even though straw for bioethanol displaces more value than 
using it for electricity and/or heat, it also creates more value than its alternative use. 
The recovery of forestry residues for energy always generates value. Most net value is 
generated when residues are used for electricity, followed by CHP and heat because 
the natural gas displaced by residues used for heat production is more valuable than 
that of coal for electricity.
4.4.2 Strategies for Land Expansion onto Set-Aside (set D, E and F)
4.4.2.1 Climate Change
Appendix 6.4.9.3.1 shows the inpacts of the different strategies within this set for all 
crops on climate change, showing the contributions of the different conponents in 
both foreground and background systems.
Converting set-aside can save GHGs in some strategies; for exanple, organic barley 
and intensive production of oilseed rape for food, or intensive wheat or sugar beet 
production for ethanol These are mainfy due to the avoided iLUC effects from the
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production of feed and vegetable oil overseas, mainfy in Indonesia, or sinpfy because 
of the displacement of gasoline.
Miscanthus always presents GHG savings. CHP, in particular, seems the best option 
due to the avoided coal and natural gas. The highest savings arise when Miscanthus is 
managed extensivefy and converted to CHP. SimDarfy, Willow SRC’s largest 
emission saving arises when it is managed intensivefy and used CHP, mainfy due to 
the displacement of fossil foels but also due to the sequestration of carbon from the 
atmosphere and storage in plant tissue for three-year cycles. Like Miscanthus, willow 
SRC always presents emission savings.
All forest species present GHG savings under all strategies. The largest savings arise, 
invariabfy, when trees are used as sinks due to the amount of carbon they sequester 
and store, and not when wood is used for any other purpose. The displacement of 
fossil fiiels (coal) is therefore relativefy insignificant in the fuel strategies. Douglas Fir 
is the most efficient because it grows fostest.
4.4.2.2 Ecosystem services and biodiversity
Changing land use from set-aside to biofiiel production always has negative effects on 
ecosystem services and biodiversity. This happens regardless of the particular 
management (intensive or extensive) and is largefy due to the substitution effects from 
increased sippfy of feed from biofiiel co-products. In this way, the displaced 
vegetable oil (as a result of displaced soybean production in Argentina) results in land 
conversion overseas (e.g. Indonesia) to make up for the foregone vegetable oil srppfy. 
Sugar beet is an exception because it displaces production in BrazD.
Whenever crops are used for food and feed, these strategies have an overall beneficial, 
(ie. negative in a numerical sense) impact on ecosystem services and biodiversity as 
the alternative sources are located in richer, more biodiverse areas.
Miscanthus and WDlow SRC (and particularfy the latter as it remains in situ for 3 
years) are always good for ecosystem services and biodiversity in an overall sense. In 
the UK, perennial crops replacing set-aside have beneficial effects on ecosystem 
services and biodiversity as carbon stock levels increase.
All forest species are good for ecosystem services and biodiversity. Forest species
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used as carbon sinks are not harvested and therefore present a higher benefit to 
ecosystem services and biodiversity. However, the differences between conifer and 
broadleaf species, as well as the differences between native and invasive species are 
more complex and will be discussed in Section 4.5 Interpretation.
4.4.2.S Economic value
Conversion of set-aside land to cropland almost always generates value, with the 
exception of non-organic wheat for food and feed, oilseed rape for food, non- 
extensive sugar beet for sugar, which see their added value in the foreground system 
negated by displaced value in the background system. The largest decrease in net 
value arises when crops are managed intensively for food.
The conversion of set-aside land to barley and Miscanthus always generates value. 
The smallest increase in net value arises when these are managed extensivefy for heat 
(or organically in the case of barley).
Conversion of set-aside land to any forest species always generates value, with the 
exception of Douglas Fir for timber. Both broadleaf and conifer species always 
generate more value when managed intensivefy with their wood used for fuel The 
smallest increase in net value arises when forest species are managed solefy to act as a 
carbon sink.
4.4.3 Strategies for Land Expansion onto Grassland (set G, H and I)
4.4.3.1 Climate Change
Converting grassland to arable crop production in the UK results in no GHG emission 
savings under any strategy because of the emissions associated with producing feed to 
substitute for the grass. However, all perennial species (Le. Miscanthus, Willow SRC 
and all forest species) present GHG savings under all strategies. The displacement of 
fossil fiiels (Le. coal and natural gas) is therefore relativefy significant in the fuel 
strategies. Douglas Fir is the most efficient because it grows festest.
The largest savings arise, invariabfy, when trees are used as sinks due to the amount 
of carbon they sequester and store, but also when wood is used for fuel For exanple, 
a 1-ha plantation of Scots Pine can sequester up to 180 tonnes of carbon. If this 
plantation is used as a carbon sink, these 180 tonnes are removed permanentfy from
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the atmosphere and the avoided radiative forcing is equivalent to 180 tonnes of 
carbon-equivalent. Alternatively, if the trees are harvested and the biomass is used for 
timber for another 50 years, the climate benefits are lower. Figures 4.17 and 4.18 
show the amount of carbon removed from the atmosphere during the plantation and 
the lifespan of the timber product.
■ stump
■ branches 
a foliage
a stem tips
■ roots
■ roundwood 
a sawlog
10 20 30 40 50 60 70 80 90 100 110
Time (years after start of plantation)
Figure 4.17 Carbon accumulation during the 63-year Scots Pine plantation, followed by carbon storage 
in timber products with a hfe o f 50 years. The average carbon removed from the atmosphere and stored 
in land during the 113 years is around 34 tonnes. The tonne-years of carbon is around 4,000, which 
corresponds to around 80 tonnes o f carbon-equivalent.
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Figure 4.18 Carbon accumulation during the 63-year Scots Pine plantation, followed by carbon storage
in timber products with a hfe o f 50 years (dark blue shape). The use o f the same plantation as a carbon 
sink is shown (light blue shape). The carbon removed from the atmosphere by the sink strategy is 
around 180 tonnes, which corresponds to around 180 tonnes o f carbon-equivalent because it is removed 
permanently from the atmosphere.
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4.4.3.2 Ecosystem services and biodiversity
Changing land use from grassland to bioftiel production always impacts more on 
ecosystem services and biodiversity. This happens regardless of the particular 
management (intensive or extensive) and is largefy due to land conversion overseas 
for production to make \jtp for the foregone crop sippfy.
Whenever crops are used ft)r ft)od and feed, these strategies have an overall beneficial 
(ie. negative in a numerical sense) inpact on ecosystem services and biodiversity as 
the akemative sources are located in carbon-denser and, hence, richer, more 
biodiverse areas.
Miscanthus and Willow SRC (and particularfy the latter as it stays in situ for 3 years) 
are always good for ecosystem services and biodiversity in an overall sense. In the 
UK, perennial crops replacing grassland have no positive or negative effect on 
ecosystem services and biodiversity as carbon stock levels do not change. The large 
effects are overseas, as displaced grassland is conpensated by soybean and wheat, 
and the extra soybean oil displaces pakn oil, hence inproving ecosystem services and 
biodiversity in Indonesia. Grassland conversions to perennial energy crops therefore 
present an overall benefit to ecosystem services and biodiversity.
All forest species are good for ecosystem serviees and biodiversity. Forest species 
used as carbon sinks are not harvested and therefore present a higher benefit to 
ecosystem services and biodiversity. The benefits in the foreground system outweigh 
the inpacts in the background system
4.4.3.3 Economic value
Conversion of grassland to cropland always generates value, with the exception of 
intensive sugar production. The highest value arises when crops are managed 
intensivefy and used for energy (or feed in the case of barley). For Miscanthus and 
willow SRC, the highest value arises when they are managed intensivefy and used for 
electricity. For forest species, the highest value arises when conifer forests are 
managed intensivefy and their wood used for CHP. Oak & Beech also generate a large 
value when its wood is used for timber.
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4.5 Interpretation
The integrated results for all 216 strategies are shown in Figure 4.19 and Figure 4.20. 
In Figure 4.19, the x and y axes represent economic value added and climate change 
inpacts, respectively. In Figure 4.20, the x and y axes represent economic value 
added and inpacts on ecosystem services and biodiversity, respective^. As explained 
and discussed in Chapter IE, a Pareto anafysis avoids the use of value judgements 
when conparing strategies with multple criteria. Weighting is thereby avoided and 
onfy the strategies that perform better than the baseline in all three criteria need be 
considered forther. Onfy the strategies in the bottom-right quadrant of the charts (Le. a 
positive economic value and a negative environmental inpaet) represent
inprovements from the baseline in both economic and environmental terms, and so 
these are the oniy ones shown in the following sections. The Pareto-optimal strategies 
will be in this quadrant, too. These strategies will be finther commented in this 
section, and also in Chapter V.
Several strategies represent Pareto inprovements from the baseline (current cropland, 
set-aside and permanent grassland) in one or two of the three criteria (climate change, 
biodiversity and ecosystem services, and economic value-added). Within a given 
baseline, all strategies are, of course, mutualfy-exclusive ,^ with the exception o f straw.
The use of straw for energy from wheat and oilseed rape is not eonpeting with the
other strategies. Le. it can be used in combination with any of them Many strategies 
do not represent Pareto inprovements in one of the criteria (e.g. all strategies for 
wheat, oilseed rape, barley and sugar beet on grassland) and are therefore not
considered finther as they do not frilffl one of the criteria. Conversefy, some strategies 
fulfil all three criteria. These are identified in the sections that follow.
 ^For exanple, wheat is used for either food or fuel, not both. A partieular use automatieally excludes 
any otheruse. Similarly, wheat is either managed intensively or extensively.
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Figure 4.19 Inpacts on economic value-added and climate change ofaU strategies
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Figure 4.20 Inpacts on economic value-added and ecosystem services & biodiversity of all strategies
Some strategies represent Pareto inprovements for all three eriteria. Of these, the best 
in all three criteria are said to be Pareto optimal, meaning that there are no other land- 
use strategies that are better at one of the criteria. These will be discussed in the 
following sections, as well as their significance.
The analysis below (Figure 4.21 to Figure 4.29) presents the strategies that are not 
only Pareto inprovements for all three criteria simultaneously, but also the best in all 
three criteria. Figure 4.21 and Figure 4.22 show the integrated irrpacts of the best
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strategies on current cropland ,^ while Figure 4.23 and Figure 4.24 show those on set- 
aside land and Figure 4.25 and Figure 4.26 on permanent grassland.
The Pareto frontier for land-use strategies on set-aside is presented in Figure 4.23 and 
Figure 4.24, and on grassland in Figures 4.25 and 4.26, although it is not clear 
because it represents those options that are better in three dimensions whereas the 
charts are two-dimensional onfy. Some strategies therefore appear to be “within” the 
Pareto frontier.
Legend:
3 (suffix) -  low yield (straw for ethanol)
4 (suffix) -  low yield (straw for electricity)
B -  Barley
chp -  Combined Heat and Power 
e (prefix) -  Extensifieation / Organic 
e (suffk) -  Electricity
FAS -  Ash, Sycamore and Silver Birch Forest
FDF -  Douglas Fir Forest
FEL -  European Larch Forest
FOB -  Oak and Beech Forest
FSP -  Scots Pine Forest
FSS -  Sitka Spruce Forest
FtFeed -  Food-to-Feed
FtFuel -  Food-to-Fuel
GL, -  Grassland
h -  Heat
i -  Intensification 
GSR -  Oilseed Rape 
O S R l- OSR straw for ethanol 
OSR2 -  OSR straw for electricity 
RefSys -  Reference System 
SA -  Set-Aside 
SB -  Sugar Beet 
W -  Wheat
W1 -  Wheat straw for ethanol 
W2 -  Wheat straw for electricity 
WtFuel -Was te-to-Fuel 
XGL -Ejpansion onto grassland 
XSA-Expansion onto set-aside
E.g. “XGIiFueliW4” means expansion (X) onto 
gras s land (GL) o f wheat (W) for ethanol (Fuel) 
under an intensive management system(i), 
assuming a low yield and straw used for 
electricity (4).
Colour code for bars in Figures 4.27 to 4.29 
and for boxes in Figures 4.30 to 4.46
Foreground System:
Brown -  UK fossil emissions 
Green -  UK biogenic emissions
Background System (substitution effects): 
Yellow -  Foodlife cycle GHG emissions 
Orange -  Food iLUC emissions 
l ig h t  Blue -  Feed and vegetable oil life cycle 
GHG emissions
Blue - Feed and vegetable oil ILUC emissions 
Red -  Avoided fossil fuels
lin e  code for boxes in Figures 4.30 to 4.46
I ~n (full box) -  Additional processes
I "  I (dashed box) -  Superseded processes
 ^Separate figures are shown for each reference land use(i.e. current cropland comprises o f several 
reference crops)
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4.5.1 Overview of the most sustainable land-use strategies
4.5.1.1 Strategies for Current Cropland (set A, B and C)
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-2,500
-3,000
50 100 150 200 250 300 350 400
□  eFeedB 
♦  eFeedW
□
E/ha
Figure 4.21 Climate-change inpacts of the Pareto optimal strategy for current cropland: organic 
conversion for feed wheat (eFeedW) and barley (eFeedB)
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Figure 4.22 Ecosystem services and biodiversity impacts o f the Pareto optimal strategy for current
cropland: organic conversion for feed wheat (eFeedW) and barley (eFeedB)
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4.5.1.2 Strategies for Land Expansion onto Set-Aside (set D, E and F)
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♦  XSAiFuelFDF 
A XSAiSinkFDF 
A XSAiSinkFAS
E/ha
Figure 4.23 Climate-change inpacts of the Pareto optimal strategies (Pareto frontier) for land-use 
change strategies from set-aside
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Figure 4.24 Ecosystem services and biodiversity impacts o f the Pareto optimal strategies (Pareto
frontier) for land-use change strategies from set-aside
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4.5.1.3 Strategies for Land Expansion onto Grassland (set G, H and I)
0 200 400 600 800 1,000 1,200 1,400 1,600
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O XGUSinkFDF 
♦  XGUSinkFAS
E/ha
Figure 4.25 Climate-change inpacts o f the Pareto optimal strategies (Pareto frontier) for land-use 
change strategies from permanent grassland
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Figure 4.26 Ecosystem services and biodiversity impacts o f the Pareto optimal strategies (Pareto
frontier) for land-use change strategies from permanent grassland
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4.5.2 Hotspots o f Pareto-optimal strategies
4.5.2.1 Overview
Figures 4.27 to 4.29 show the relative importance of the different system conponents 
in both foreground and background systems of the Pareto-optimal strategies in each 
inpact categoiy. In some strategies, the background system (blue, orange, yellow and 
red bars) dominates the overall inpact, either positively or negatively.
4.5.2.2 Detailed Anafysis
4.5.2.2.1 Strategies for Current Cropland (set A, B and C)
Converting wheat for food to organic feed reduces climate inpacts in the UK (Le. 
foreground system) by biogenic carbon sequestration and by reducing fossil GHG 
emissions. Changes in the amount of food wheat production in the UK are 
conpensated by changes in food wheat production in Canada which, due its lower 
yields, results in relative^ large land-use changes in Canada. Most of the benefits on 
biodiversity and ecosystem services are felt in the UK. This strategy slightfy decreases 
GDP in the UK but increases that in Canada. Figure 4.30 shows the processes that 
make up this result and, together with the subsequent figures, uses the same colour 
code as Figures 4.27 to 4.29.
Converting barley to organic feed reduces climate inpacts in the UK by biogenic 
carbon sequestration and by reducing fossil GHG emissions. The lower barley yields 
in the UK under an organic regime are conpensated by increased feedwheat and 
soybean meal production in Canada and Argentina, respectively (which results in 
increased GHGs and iLUC), and decreased palm oil production in Indonesia. Most of 
the benefits on biodiversity and ecosystem services are felt in the UK. This strategy 
increases GDP mainfy in Canada, but also in the UK and Argentina (while GDP 
slightfy decreases in Indonesia). Figure 4.31 shows the processes that make ip  this 
result.
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4.5.2.2.2 Strategies for Land E?q)ansion onto Set-Aside (set D, E and F)
Sugar beet production for ethanol under an intensive regime results in considerable 
GHG emissions, but also avoids substantial emissions from the use of gasoline. In 
addition, the foregone feed production, particular  ^ from Canada, avoids GHG 
emissions there. Benefits to biodiversity and ecosystem services are small and arise in 
Canada. The decrease in GDP in the background system (particular  ^ through the 
displacement of gasoline) is more than compensated by GDP increases in the UK. 
Figure 4.32 shows the processes that make iQ) this result.
Miscanthus for electricity or CHP under an intensive management is desirable. In 
terms of climate, its benefits arise mainfy due to the displacing of coal and/or natural 
gas, even though its cultivation is associated with GHG emissions. Miscanthus also 
presents slight inprovements in biodiversity and ecosystem services. The value 
foregone due to the displacement of coal is more than conpensated by the value 
added in the foreground system. The same can be said for Willow SRC and Douglas 
Fir for CHP under an intensive cultivation management. Figure 4.33 .to Figure 4.36 
show the processes that make ip these results.
There are no Pareto-optimal timber strategies on set-aside. In addition to fuel, carbon- 
sink may also be a Pareto-optimal strategy, depending on the crop. Indeed, Ash, 
Sycamore & Silver Birch, as well as Douglas Fir under an intensive management 
regime have a veiy significant climate benefit due to the sequestration and storage of 
biogenic carbon in biomass and soils, which also has a significant benefit to 
ecosystem services and biodiversity. However, while their economic value added is 
positive, it is negligible and relates to the UK onfy. Figure 4.38 show the processes 
that make ip these results.
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M iscanthus (XSAiFuelMe) 
1 ha (UK)
Set-Aside 
-1 ha (UK)
529kg
ash
159 kg 
lime
2 8 1 biomass 
©I 30% moisture content
Pow er plant fuel 
(16.9 MWh electricity)
-159 kg 1 
! limestone '
-6.51 t coal
Figure 4.33 System delimitation of Mwca«r/zw5e)q)ansion onto set-aside for eleetricity under an 
intensive management
M iscanthus (XSAiFuelMchp) 
1 ha (UK)
• Set-Aside i
1 -1 ha (UK) ;
529 kg 
ash
159 kg 
lime
2 8 1 biomass 
©  30% moisture content
CHP plant fuel 
(40.5 MWhtand 10.1 MWhe
I
I -159 kg I 
I limestone j
-3.90 t coal and [
-4,869 nf natural gas i
Figure 4.34 System delimitation o f Miscanthus e-spansion onto set-aside for combined heat and power 
under an intensive management
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Willow SRC (XSAiFuelSRCchp) 
1 ha.a (UK)
Set-Aside i 
-1 ha.a (UK) '
273 kg 
ash
81.9 kg 
lime
CHP plant fuel 
(34.7 MWht and 8.7 MWhe)
2 8 1 biomass 
50% moisture content
I
' -81.9 kg I
! limestone '
-4,173 m^  natural gas and [ 
-3.34 t coal I
Figure 4.35 System delimitation o f Willow SRC e?ç»ansion onto set-aside for CHP under an intensive 
management
Douglas Fir (XSAiFuelDF) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
146 kg 
ash
43.8 kg 
lime
CHP plant fuel 
(5.6 MWh electricity and 22.3 MWh heat)
19.4 t biomass 
50% moisture content
I
------------------------------------j . --------------------------------------1
-2.14 t coal and i
-2,680 m^  natural gas !
I -43.8 kg I 
' limestone i'________ I
Figure 4.36 System delimitation o f Douglas Fir e?q)ansion onto set-aside for electricity under an 
intensive management
Douglas Fir (XSAISinkDF) 
1 ha (UK)
r ------------------------------------I
' Set-Aside i 
1 -1 ha (UK) 1
!
19.41 biomass 
@ 50% moisture content
Figure 4.37 System delimitation o f Douglas Fir e^qpansion onto set-aside for carbon sink under an 
intensive management
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Ash, Sycam ore & Silver Birch
r ----------------------- “ 1
1 Set-Aside i
(XSAiSinkAS) 1 -1 ha (UK) 1
5.3 t biomass
@ 50% moisture content
Figure 4.38 System delimitation o f Ash, Sycamore and Silver Birch expansion onto set-aside for 
carbon sink under an intensive management
4.5.2.2.3 Strategies for Land Expansion onto Grassland (set G, H and I)
No arable erops are Pareto-optimal when replacing grassland. Miscanthus for 
electricity and CHP under intensive management is desirable. In terms of climate, its 
benefits arise mainly due to the displacement of coal and/or natural gas, which 
counteracts the GHG emissions associated with its cultivation and with the alternative 
sources of feed. Miscanthus also presents slight inprovements in biodiversity and 
ecosystem services. The foregone value added fi*om the use of coal and/or natural gas 
is more than compensated by that fi-om the foreground system and fi’om the extra 
production of feed in Argentina and Canada (despite the displacement of value in 
Indonesia). The same can be said for Douglas Fir for CHP under an intensive 
cultivation management. Figure 4.39 to Figure 4.41 show the processes that make ip  
these results.
Like in set-aside, there are no Pareto-optimal strategies for timber. In addition to foel, 
carbon-sink is a Pareto-optimal strategy when Douglas Fir or Ash, Sycamore & Silver 
Birch is cultivated under an intensive management regime. It has a very significant 
climate benefit due to the sequestration and storage of biogenie carbon in biomass and 
soils, which also has a significant benefit to ecosystem services and biodiversity. Its 
economic value added is significant in both the UK, Canada and, to a lesser extent, 
Argentina. Figure 4.42 and 4.43 show the processes that make up these results.
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Miscanthus (XGLIFuelMe) 
1 ha (UK)
18 t biomass 
30% moisture content
102 kg 340 kg
lime ash
Power plant fuei 
(10.9 MWh electricity)
I Grass (RefSysGL) [
I -1 ha (UK) I
L----------- r ----------- '
r------------ i ----------- n
I -11.1 t dry grass I
I  I
I- - - - - - - - - - - - - - - - - - - - - - - - - - - - , - - - - - - - - - - - - - - - - - - - - - - - - - - - - I
___________ i_________
Animal feed & vegetable oil
I
1 -102 kg I
I limestone \
-4.18 t coal I -0 .531 I
I palm oil I
I -0.13 ha I
I (IND) I
2.28 t dry 
soy meal
5.77 t dry
feed wheat
1.37 ha j 2.91 ha
(ARC) 1 (CAN)
Figure 4.39 System delimitation o f Mz5ca«7/2W5e?ç)ansion onto permanent grassland for electricity 
under an intensive management
Miscanthus (XGLiFuelMchp) 
1 ha (UK)
Grass (RefSysGL) 
-1 ha (UK)
-11.1 t dry grass
-0.53 t 2.28 t dry 
soy meal
5.77 t dry 
feed wheat
-2.51 t coal and 
-3,130 m^ natural gasI limestone ,
-0.13 ha 
(IND)
340 kg 
ash
1.37 ha 
(ARC)
2.91 ha 
(CAN)
102 kg 
lime
CHP plant fuel 
(26.0 MWht and 6.5 MWhe)
18 t biomass 
30% moisture content
Animal feed & vegetable oil
Figure 4.40 System delimitation o f Mwcaw^/fw^ejqiansion onto permanent grassland for combined heat 
and power under an intensive management
211
Chapter IV -  Integrated assessment ofland-use strategies in the UK
D o u g la s  Fir (XGLiFuelDF) 
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I paim  oil I
‘- - - f
I
 I
I -35.8 Ig I 
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2 .28  t dry 5.77  t dry
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...T z : Î
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Figure 4.41 System delimitation o f Douglas Fir ejqiansion onto grassland for electricity under an 
intensive management
Douglas Fir (XGLISinkDF) 
1 ha (UK)
1 5 .9 1 biomass 
@ 50% moisture content
! G rass (RefSysGL) J
' -1 ha (UK) I
L ------------------ 1----------------------•
I
I -11.1 t dry grass J
I  I
L --------------------- - , ------------------------------'
I
____________________I ______________________
Animal feed  & vegetable oil
 ^
I
-0.53 t 
palm oil
“"I "■I
-0.13 ha 
(IND)
2.28 t dry 
soymeal
5.77 t dry 
feed  w heat
1.37 ha 
(ARG)
2.91 ha 
(CAN)
Figure 4.42 System delimitation o f Douglas Fir e^qians ion onto grassland for carbon sink under an 
intensive management
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A sh,Silver Birch (XGLiSinkAS) 
1 ha.a (UIQ
4 .4 1 biomass 
@ 50% moisture content
G rass (RefSysGL) 
-1 ha.a (Ul^
 1------------------
I
I -11.1 t dry grass |
I I
L ----------------- - , ------------------------ '
I
______________ I ________________
Animal feed  & vegetable oil
' -0 .5 3 1 1 2.28 t dry 5 .7 7 1 dry
J palm oil j 
1
soymeal feed  w heat
Î
' -0.13 ha.a i 1 1.37 ha.a j  2.91 ha.a
1 (IND) 1 (ARG) 1 j  (CAN)
Figure 4.43 System delimitation of Ash, Sycamore and Silver Birch e)Ç)ansion onto grassland for 
carbon sink under an intensive management
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4.6 Summary and Conclusion
The methodology developed in Chapter m  for assessing environmental and economic 
sustainability in an integrated manner has been applied in this chapter to a range of 
land-use strategies in the UK. Despite the inconplete coverage that any number of 
scenarios presents, 216 strategies were identified as representative and subsequent^ 
analysed.
Out of the 216 land-use scenarios anafysed on a total of 12 baselines, 118 are 
inprovements on all sustainability aspects considered, but orùy 14 are Pareto optimal 
(see Table 4.19 to Table 4.21). This means that no other strategy will be better than 
any of the 14 selected in any of the three sustainability criteria, while not being worse 
than the baseline against at least one of the other two criteria. The 14 Pareto-optimal 
strategies are conversion to organic feed (2) on current cropland, and ethanol (1), 
electricity (2), CHP (5) and sink (4) on set-aside and permanent grassland:
• Two on Current Cropland
o Conversion of wheat and barley into organic management for feed
• Seven on Set-Aside, under an intensive regime
o 5 for fiieh sugar beet for ethanol; Miscanthus for electricity and CHP;
Willow SRC for CHP; Douglas Fir for electricity
o 2 for sink: Ash, Sycamore & Silver Birch; Douglas Fir
• Five on Permanent Grassland, under an intensive regime
o 3 for fiieh Miscanthus for electricity and CHP; Douglas Fir for 
electricity
o 2 for sink: Ash, Sycamore & Silver Birch; Douglas Fir
The above fourteen strategies are the strategies that represent the biggest 
inprovements in all three criteria and are arguabfy worth pursuing. There is limited 
scope for inproving sustainability of land use on current cropland and on permanent
grassland, but converting set-aside to mainfy perennial (and intensive) cropping
systems seems to be the best use of land in the UK, mainly because these strategies 
avoid iLUC.
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M  of the 14 strategies shown above present benefits on all three criteria: the ones on 
the top-right of Figures 4.21 to 4.26 have a relatively higher benefit on value-added 
(e.g. bioelectricity fi-om perennial crops), while the ones on the bottom-lefi: (e.g. 
forestry species fi)r carbon sink) are preferred where inpacts on climate and 
biodiversity are a higher concern.
Table 4.19 Land-use strategies for current cropland: V represents Pareto-optimal strategies, while 
represents other strategies that are not Pareto-optimal
Land
Cover
(Crop)
Diversion (A) Extensifieation (B) Intensification (C) TOTAL
Food
"tO“
Feed
Food
-to-
Fuel
Waste
-to-
Fuel
Food Feed Fuel Food Feed Fuel
Wheat X X xxxx X y X X X X 1/12
Oilseed Rape X xxxx X X X X 0/9
Barley y X 1/2
Sugar Beet X X X X X 0/5
9
Forestry
Crops
X XX
X X X
X X X
X XX
X X X
X X X
0/18
TOTAL 0/1 0/3 0/22 0/3 2/2 0/3 0/3 0/2 0/3 2/46
The anafysis has shown that changing crop use or management on current cropland 
will rarefy result in inprovements in all three criteria. Of all the crops assessed on 
current cropland, intensifying or extensifying food crops will not bring about 
sustainability inprovements, nor will the recovery of wastes for energy (e.g. straw 
and forestry residues). The sole exceptions are converting wheat and barley to organic 
management and using it for feed. The scope for sustainability inprovements on 
current cropland is therefore limited to these two options, and excludes all strategies 
for fiieL Expanding cropland onto set-aside and permanent grassland is sustainable if, 
in general, perennial crops are grown for fiiel (e.g. Miscanthus for electricity and 
CHP, and Douglas Fir for CHP) or used as carbon sink (e.g. Douglas Fir). Food and 
feed are not among the best land use strategies. Timber production was not assumed 
to displace any product, so this land use would have scored better if it was credited 
with any potential displacements (e.g. construction materials). Expanding onto set- 
aside is better than expanding onto permanent grassland.
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Chapter IV -  Integrated assessment ofland-use strategies in the UK
With the exception of intensive sugar beet for bioethanol, biothels have been shown 
to be an unsustainable use of land. For exanple, biodiesel in this study never saves 
GHGs. This result suggests the inadequacy of existing policies, mainfy due to the feet 
that iLUC inpacts have yet to be quantified and assessed against the sustainability 
criteria of EC Directive 2009/28/EC (European Parliament and Council of the 
European Union, 2009).
Conifer forest species scored better than their broadleaf counterparts for sipporting 
biodiversity because they grow fester and accumulate more carbon. However, it can 
be argued that broadleaf species generalfy sipport more biodiversity as the leaves 
they shed and the fruit they produce feed a variety of organisms. This aspect is not 
captured by the indicator adopted.
By considering the indirect e&cts associated with adopting several land-use 
strategies, the model enables the estimation of the potential consequential inpacts in 
the background system, which have shown to be of significant magnitude and, thus, 
worthy of consideration. Therefore, the proposed method for assessing land-use 
sustainability is arguabfy reasonable, particularfy when conpared to current land-use 
assessment fi-ameworks limited to the direct inpacts on the foreground system that 
currently sipport land-use policy making.
The model shows that there is scope for using land more sustainabfy in the UK, 
although the results depend heavify on the assunptions made. The interpretation of 
these results is elaborated ipon in the next chapter (Chapter V -  Discussion and 
Conclusions), as is the value of this modelling approach.
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5. CHAPTER V
DISCUSSION AND CONCLUSIONS
I f  we do not change our direction, we are likely to end up where we are headed
Chinese proverb
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Chapter V -  Discussion and Conclusions
5.1 Introduction
This chapter interprets fiirther the results reported in Chapter IV and discusses their 
relevance for land-use policy. It also discusses the methodology developed and 
applied in this thesis, as well as the scope for any fiirther developments. The purpose 
is to identify the relevance and limitations of this study and the inportant areas for 
fiirther research and to draw conclusions in terms of the new knowledge gained and 
the circumstances under which it can be used for public decision-making regarding 
sustainable allocation of land among different uses.
5.2 Results
5.2.1 Strategies for Current Cropland (set A, B and C)
Despite some relative inprovements, diverting fiiod or crop residues (straw or 
forestry residues) to fuel does not deliver inprovements in all three criteria (climate 
change, biodiversity and ecosystem services, economic value) simukaneousfy. This 
type of diversion therefore does not represent a move towards inproved 
sustainability. However, the case of wheat diversion from food to feed purposes 
represents a Pareto inprovement, whereby inpacts on climate change and ecosystem 
services and biodiversity decrease while total economic value increases for the 
reasons mentioned in Chapter IV: decreased environmental inpacts, mainfy in the 
foreground system, and increased economic value, mainly in the background system.
Diverting food to fiiel saves GHGs in the case of sugar beet onfy because of the large 
amount of fossil fiiels displaced. Diverting food wheat to feed wheat also results in 
GHG savings mainly due to ILUC effects. Conversefy, diverting wheat or oilseed 
rape from food to fiiel does not save GHG emissions.
Extensification of wheat, oilseed rape, barley and sugar beet for either food and feed 
(organic conversion) or fuel always saves GHGs, with the exception of sugar beet for 
fiiel, because of reduced iput use. However, onfy organic wheat for food and feed 
and organic barley for feed satisfy all three criteria of mitigating GHG emissions and 
ecosystem services and biodiversity inpacts while creating extra economic value.
Intensification of wheat, oilseed rape, barley and sugar beet for either food and feed 
or fiiel also always saves GHGs, with the exception of oilseed rape for fiiel, because
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of the displaced marginal production. Furthermore, intensive wheat and barley for 
feed satisfy all three criteria of globalfy mitigating GHG emissions and ecosystem 
services and biodiversity inpacts while creating extra economic value.
Wheat for food can benefit from an alternative strategy and use: organic feed 
production, which is a Pareto-optimal strategy. For feed, both organic and intensive 
production of both wheat and barley are optimal strategies because the alternative 
feed sippfy performs worse. Therefore, the options for inproving sustainability on 
existing arable land are limited to diverting wheat from food to feed purposes, 
converting wheat to organic management and using it for food or feed, as well as 
intensifying conventional wheat production for feed. Intensifying or converting 
conventional barley production to organic also meets all three criteria. These 
alternative strategies (intensifications vs. extensification) are not in contradiction or at 
opposite ends of a spectrum, as organic wheat scores better at sequestering CO2 in 
agricultural land in the UK, while intensive wheat saves land from conversion in 
Canada.
Regardless of the strategy enployed, not all crops present opportunities for becoming 
more sustainable. This is the case for oilseed rape and sugar beet which, despite the 
inprovements that some strategies may offer in one or two criteria, never offer 
inprovements in all three criteria simultaneousfy. This suggests that replacing these 
crops by other crops on current cropland may result in sustainability inprovements. 
However, in this study, strategies on current cropland were assessed against the food 
land use of that particular crop, which is the most popular use\ Hence, only changes 
in use and management of a particular crop were assessed on current cropland, and 
not the replacement of one crop by another. Given that all baselines and crops are 
characterized, it would be possible to explore additional scenarios whereby existing 
crops are replaced by other crops on current cropland.
Regarding wastes, diverting straw and forest residues to fiiel is always beneficial in 
terms of GHG savings, as the saving in fossil fiiels fiilfy conpensates for the foregone 
biogenic carbon sequestration. In addition, recovering energy from wastes may 
generate some economic value but is always underperforming in the other criterion:
 ^ For exanple, all uses o f wheat produced on current cropland (feed and fuel) are assessed against food 
wheat, and not against any other crop.
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mitigating ecosystem services and biodiversity inpacts. They are therefore
considered unsustainable strategies and excluded from fiirther anafysis.
5.2.2 Strategies for Land Expansion onto Set-Aside (set D, Eand F) and Permanent 
Grassland (set G, H and I)
Onfy a few combinations of crops on set-aside and permanent grassland present 
opportunities for GHG savings. In contrast to the Pareto-optimal strategies on current 
cropland, onfy intensive strategies present inprovements in all three categories. 
Indeed, out of the arable crops, onfy intensive sugar beet production for ethanol 
results in Pareto inprovements. Similarfy, onfy intensive Miscanthus for electricity 
and CHP, and Willow SRC fi)r CHP, proves Pareto-optimal in those three categories. 
Forestry crops perform well, particularfy Douglas Fir whose intensive cultivation for 
fuel or carbon sink are Pareto-optimal strategies.
With onfy one exception, expansion of arable cropping is undesirable. Of the
perennial crops, Miscanthus, Willow SRC and two fiirestry strategies (Ash, Sycamore
& Silver Birch and Douglas Fir) are the onfy Pareto-optimal strategies.
5.3 Modelling choices
This thesis identified some methodological issues that are inportant in the application 
of LCA to land-use systems and argues that these can and should be accounted for in 
such assessments. In particular, it suggests methods for including indirect effects such 
as iLUC, and land use inpacts on global warming, ecosystem services and
biodiversity. However, given the breadth of the consequential assessment, a large 
degree of uncertainty is involved. As a specific exanple, the different models and data 
adopted for crop production include unavoidable uncertainties. Sources of modelling 
uncertainties will now be explored.
5.3.1 Goal and scope
5.3.1.1 Consequential vs. attributional approaches
The main differences between attributional and consequential approaches are
summarised in Table 5.1. Further differences and consequential applications can be 
found (e.g. Abiola et a l, 2010; Dalgaard et a l, 2008; Earles and Halog, 2011; Ekvall, 
2004; Finnveden et al, 2009; Kloverpris et a l, 2008; Kloverpris, 2010; Lund et a l, 
2010; Reinhard and Zah, 2009; Reinhard and Zah, 2011; Sanden and Karlstrom, 2007;
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Schmidt, 2007; Schmidt, 2008; Schmidt and Weidema, 2008; Schmidt, 2010; Suh et 
al, 2010; Thomassen et al, 2008; Weidema et a l, 2009).
Tabic 5.1 Correcting approaches in LCA
Attributional Consequential
Descriptive Consequences ofchanges
Includes full üfe cycle Includes only affected parts (can be seen as changes 
between two attributional scenarios)
Steady-state snapshot {status quo) Dynamic
Retrospective Prospective
Allocation System expansion
Ignores substitution and indirect effects Captures substitution and indirect effects (e.g. rebound)
Average data Marginal data
More certain Less certain or precise
Less accurate / representative? More accurate?
It is commonly argued that consequential LCAs that apply systems expansion when 
dealing with multitunctional processes give uncertain results upon which robust 
decisions cannot be made. However, it is argued here that the accuracy of 
consequential models is greater than their attributional counterparts because the 
results are representative or accurate despite their uncertainty. On the contrary, 
attributional LCAs conpletely ignore the indirect effects arising from changes in 
product systems. Weidema and co-workers present a concise and intellectually 
rigorous argument of why this is so (Weidema, 2009; Weidema and Schmidt, 2010). 
Figure 5.1 illustrates the difference between accuracy and certainty.
Pr(5hr*ilti'
denstÿ
RsTerâlieÊ value
Accuracy 
----------------- ►
A
,
4-------------- '^ ,'alue
Precision
Illustration of the concepts of precision (i.e. High precision, low High accuracy, low
uncertainty! and accuracy (i.e. representativeness accuracy. The results precision. The
plus methodological consistency} are biased. results are uncertain.
representativeness and methodological consistency) (European Commission, 2010)
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The approach in this work followed focusses on marginal, rather than total, changes. 
The term marginaf', as opposed to average, refers to the effect per unit of a small 
change in any variable (Black, 2002). For exanple, marginal land, or land on the 
margin of cultivation, is land that would just become worth forming if output prices 
rose slightly, or would go out of cultivation if prices fell slightly.
The land-use strategies assessed here refer to changes in the use, management and/or 
crop in 1 ha of current cropland and of marginal land (set-aside and grassland). The 
identification of the most sustainable land-use strategies on current cropland and on 
additional (marginal) land means that these strategies should not necessarify be 
adopted on all agricultural land available, even though several inprovements in 
sustainability may arise from doing so.
The recommendations based on the model point to the conversion of wheat and barley 
to organic production and use for feed; all other crops from existing cropland should 
be retained with the same management and use as in the baseline scenarios. All 
strategies recommended for a particular use include the conpensation of the foregone 
conpeting use, as an alternative mode of production is included in the background 
system of that strategy in order to balance sippfy. For exanple, diverting wheat from 
food to fiiel inplies increased inports of wheat to balance sippfy and associated land- 
use changes. An attributional approach would ignore this.
This study assumes that there are no constraints on global sippfy of crops, so changes 
in domestic sippfy can always be compensated through trade. However, increasing 
reliance on inports for food and feed could be considered a risky strategy in terms of 
security of sippfy.
5.3.1.2 Proposed approach vs. economic-equihbrium models
The consequential inventory anafysis generated 228 scenarios but could not possibfy
cover all possible permutations of the parameters.
 ^The term marginala\so refers to productivity (of land, i.e. yield, farm, capital), production, product 
(e.g. cereal, crop), supply, supplier, producer, source, emissions, models, cost (including social, private, 
pricing), benefit (including social), revenue, utility, rate (of substitution,transformation, equality, tax), 
efficiency (of capital), propensity (to consume, import, save), spending, conditions, firm, etc. (Black, 
2002). See also Glossary.
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The goal and scope of this study inpfy the choice of a fimctional unit and of system 
boundaries that are uncommon in LCA. Although dynamic system modelling for 
policy anafysis has mainfy been dealt with by economic partial or general equilibrium 
models, as these enable modelling of a larger number of dynamic relationshps, 
consequential LCA modelling provides useful insights and constitutes a viable and 
more transparent and robust alternative to economic equilibrium modelling. One of 
the advantages of the approach followed in this study is that the assumptions and 
scenarios are clear, in a way that equilibrium models are not.
Economic models refy on assumptions on price elasticities of sippfy and demand  ^
which can be usefol in assessing, for exanple, inpacts on food security due to food- 
price hikes. The present model excludes price elasticities and, thus, assumes constant 
global sippfy (see Section 5.3.2.1). It onfy includes first order consequences and 
displacements and does not consider larger effects, such as those on and fi*om price 
changes. However, the purpose of the anafysis was to demonstrate that consequential 
modelling of biofiiels and land use provides fiirther insight into a complex system that 
is not captured by conventional attributional LCAs. The model adopted is robust 
enough to illustrate this assertion, which showed that the magnitude of the 
background system for most strategies is not insignificant (e.g. iLUC).
Furthermore, it was shown how inportant the background systems are in an 
interlinked global economy. To exclude this from the boundaries of the modelled 
system would make the study less conplete and, hence, less relevant.
5.3.2 Inventory Anafysis
The inventory anafysis stage of the LCA is based on a series of assumptions and 
modelling choices, each of which is discussed below.
5.3.2.1 Short-term marginal changes vs. long-term changes and issues of scale
This anafysis shows results at the margin. Le. the consequences of using one 
additional ha in the UK for one purpose instead of a conpeting one. It shows the 
opportunity cost of particular land uses. The approach used here to investigating 
short-term marginal changes from current practice might differ from one tailored to
 ^Elasticity refers to the ratio between proportional changes in one variable (e.g. quantity demanded or 
supplied) and proportional change in another, usually price (Black, 2002). See also Gossaiy.
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assessing long-term changes, as marginal changes may be constrained in the fiiture. If 
the anafysis focused on a particular point in the future, e.g. the year 2020 or 2050, 
different assunptions would have been adopted instead. For exanple, there are limits 
on the amount of land suitable for agriculture in the countries considered marginal, so 
that land in those countries will be constrained in the future. Also, expansion of 
organic production may be constrained by the availability of manure. In this case, it 
may be more realistic to consider expanding “nearfy-organic” production using 
mineral fertilisers. Nonetheless, currentfy there is plenty of manure and non-animal 
sources of N (e.g. green manures and legumes) that can be used. Similarfy, potential 
saturation of demand for DDGS may negate substitution for soymeal in the future.
Issues of scale determining fiiture constraints on the adopted marginal land, feedstock, 
etc. are not considered here. The following sections address some of these points.
5.5.2.2 Constant sippfy
Global sippfy of food, feed (energy and protein) and fiiel (energy) is assumed 
constant. An increase in domestic sippfy is therefore met by a decrease in sippfy 
elsewhere. However, it could be argued that some markets, e.g. that for DDGS, are 
close to saturation or will be in the future. If this were the case, marginal DDGS 
production would not displace other sources of feed and would, thus, be considered a 
waste rather than a co-product. This is not the case, at the moment.
Similarfy, the focus of this study is on land-use efficiency in achieving sustainability 
goals. Hence, changes in consunption patterns (e.g. reducing the need for feed 
through reduced meat and dairy consunption) are not modelled, even though these are 
likefy to yield great sustainabihty inprovements.
5.3.2.3 Substitutability of products and choice of substituted products
All vegetable oils (including those from oil palm and oilseed rape) have been treated 
as perfectly substitutable.
A particular choice was to assume that increased bioethanol or biodiesel production 
displaces gasoline or diesel, respectivefy. Even though this is the most likefy 
outcome, an alternative scenario could be that instead of a fossil fuel, bioethanol from 
sugar cane or biodiesel from soybean oil from Brazil (the marginal exporter for both
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these commodities) is displaced instead. An additional alternative could consider 
maize from the USA to be the displaced feedstock for the ethanol consumed in the 
UK. Under the alternative, the results would therefore be different; however they are 
less realistic and therefore not explored here.
5.3.2.4 Choice of marginal feedstocks and technologies
The choice of marginal products affected by changes in UK production is justified in 
Chapter IV. For exanple, the marginal feedstock for UK electricity production is 
assumed to be coal In an alternative attributional approach, the average electricity 
mix from the grid would be used instead. Table 5.2 shows the UK energy-mix for 
electricity production. The life cycle GHG emissions fixr this mix is 0.62 Kg CO2- 
eq./kWh of electricity. Biomass electricity currentfy accounts for about 1.5% of the 
total UK electricity production and around 1% of heat production. Using the average 
mix instead of the marginal electricity feedstock would result in lower GHG 
emissions, associated with a mix that includes primary energy sources that are less 
carbon-intensive than coal
Amount (Mtoe) Amount (GWh) Proportion (%) kgCOz-eq/kWh
Coal 32.9 382,860 38.8 0.913
Natural Gas 30.6 355,878 36.1 0.400
Nuclear 14.0 163,250 16.5
Fuel 0Ü 1.2 14,096 1.4 0.623
Hydro 0.4 5,094 0.5
Wind 0.5 5,268 0.5
Other renewables^ 3.5 40,507 4.1
Other fuels 1.3 14,619 1.5
Net imports 0.4 5,210 0.5
Total 84.8 986,782 100 0.620
^Includes biomass (landfill gas,municipal solidwaste, energy crops, livestock waste, straw and sewage 
sludge) and solar photovoltaics.
In the case of fertilisers, N2O emissions from fertiliser production plants are likefy to 
go down in the fiiture due to the implementation of catafytic N 2O cleaning equpment 
(Boijesson and Tufvesson, 2011), which would affect the relative GHG profile of the 
fertiliser-intensive strategies relative to extensive ones.
5.3.2.5 Choice of marginal sippliers
The country chosen as the marginal producer of a certain commodity is that in which 
the highest annual average increase in net exports of that commodity is forecast (see 
Chapter I). An alternative to this assunption would be to choose a weighted-average
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of a mixture of producing countries. It can also be argued that, in the absence of 
policy stimuli, the most likefy marginal producer is determined mainfy by economic 
foctors, whereby the cheapest among similar alternatives is chosen to meet demand. 
The choice of a single marginal supplier inevitabfy introduces uncertainty as the 
marginal sipplier could differ from the assunption made here.
5.3.2.6 Treatment of marginal crop yields and ©LUC
Another modelling choice was to assume that changes in production in the UK are 
ftilfy conpensated and that the consequential changes of production abroad originate 
solefy from changes in land use and not changes in yield. It is arguable whether this is 
realistic. It is argued here that using historical averages of increases in yield is highly 
misleading. For a start, assuming yield growth rates lower than historical averages is 
arguabfy as realistic (see Chapter I). Furthermore, it could also be argued that the part 
of increased production that is met by modest yield increases on current cropland is 
conpensated because crop yield on marginal land is lower than average yield.
This study assumes symmetrical responses in ÎLUC: as decreased domestic sippfy 
leads to increased sippfy elsewhere, increased domestic sippfy leads to decreased 
sippfy (ie. displacement of marginal production) there. If the frnrner leads to iLUC 
(conversion to cropland) in the marginal exporter, the latter inplies the opposite 
effect - a negative iLUC - meaning that it leads to conversion from cropland to the 
reference state (e.g. a reduction in deforestation or reforestation on agricultural land).
There is a large uncertainfy related to the location and magnitude of iLUC. However, 
and as argued above, economic ways of estimating these are no less uncertain than the 
physical displacement model adopted here. In addition, there are limits to how much 
land can be brought into agricultural production. According to FAOSTAT (2012), of 
the total land area in Canada (909.4Mha), onfy 7% is devoted to agriculture 
(67.6Mha). The case of Argentina shows a more constrained land resource: of the 
273.7Mha, 51% is already under agriculture. There may be limits of land availability, 
but these are not likefy to be met any time soon in the countries identified as marginal 
sippliers.
There is no standard method for allocating the inpacts from transformation between 
the standing crop and subsequent land uses (see Chapter III). The results of the
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inpacts of land transformation are sensitive to the time period within which the 
inpact from land transformation is allocated to subsequent crops. In the adopted 
model, earfy years are ascribed greater inpacts that later years in an arbitrary (albeit 
justified to some extent) 20-year period.
5.3.2.7 Treatment of timber products
In the model, timber products do not displace any product. If it were considered that 
they did, timber products would have gained an extra credit, leading to better results 
for strategies in which land is used to produce timber.
5.3.3 Inpact Assessment
Climate change and ecosystem services and biodiversity are closely linked with the 
carbon cycle. The consideration of climate change is extended to include carbon 
released and sequestered by both plants and soils due to land occipation and 
transformation. Similarfy, inpacts on ecosystem services and biodiversity have been 
accounted in terms of the expropriation of carbon from ecosystems because 
biodiversity, in particular, depends on biomass and soil organic matter for both food 
and shelter, whereas ecosystem services depend on the well-functioning of the soil 
which, in turn, depends on the availability of organic matter.
Because the inpact assessment characterisation model adopted for measuring inpacts 
on both climate and ecosystem services and biodiversity was based on the disruption 
of the biogenic carbon cycle, strategies resulting in large changes in the ecosystem 
biogenic carbon stock play a significant role in the climate-change and biodiversity 
and ecosystem services inpacts.
Despite the low availability of geographicalfy representative data on carbon stocks 
and carbon-stock changes, the data used in this study come from the most 
authoritative source in the field: the IPCC. Given the importance of biogenic C stocks 
for the assessment of climate change -  which is a current issue in policy circles - it is 
likefy that data will become increasingly available in the coming years. This will 
progressively increase the robustness of studies assessing carbon-stock changes.
The results suggest that the proposed approach to characterising land use inpacts on 
climate, ecosystem services and biodiversity is both applicable and robust as it makes
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impact assessments operational and captures some key aspects reasonabfy wek Due 
to the foct that it consists solefy of one indicator, it may be deemed too sinplistic; for 
exanple, high-yielding and fost growing species, such as conifers, show a lower 
inpact relative to their broadleaf counterparts. However, broadleaf species are known 
to sipport equal, or even higher, biodiversity as conifers. This is a limitation of the 
indicator developed, which is better suited to conparing disparate land uses (e.g. 
grassland, cropland, forest) than to conparing different crops within a similar land 
use.
The Ecosystem Carbon Stock deficit is accounted similarfy, regardless of the original 
content. As a result, deficits that are similar in absolute quantities, measured as carbon 
tonne-years, do not differentiate between ecosystems with greatfy different initial 
levels (e.g. deserts and tropical forests). For exanple, in this model a deficit of 10 t C- 
year in an ecosystem that would potentially have 100 t C has the same inpact as the 
same deficit in an ecosystem that has half the potential level of carbon (50 t C). 
Akemativefy, a relative, rather than absolute, change of carbon stock could be 
adopted as an indicator.
In this model, land occipation always leads to a greater inpact allocated to the crop 
than does transformation because the transformation inpacts allocated annualfy are 
never more than 10% of the transformation inpact (see Chapter III and Table 5.3). 
For exanple, consider a land-use change that results in a defick 100 t of carbon. As 
we assume a regeneration rate of 20 years, the total transformation inpacts are 1,000 t 
C-year. The occupation inpacts are 100 t C-year (10% of total transformation 
inpacts). As explained in Chapter m, the transformation inpacts are attributable to 
the following 20 years of cropping in a decreasing share (see Table 5.3). The year 
of cropping is attributed 97.5 and 100 t C-year fi*om transformation and occipation 
inpacts, respectivefy. Thus, attributed transformation inpacts are always less than 
occupation inpacts, particularfy at the end of the 20-year period over which 
transformation inpacts are attributed.
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Figure 5.2 Transfonnation irrpacts (blue area) and occupation inpacts. The transformation inpacts 
attributable to the year of cropping correspond to the vertical shce (in red). The occupation inpacts 
of the year o f cropping correspond to the diagonal slice (in blue).
For the inpacts of tenporary carbon storage on climate ehange, an equivalenee foctor 
was used based on an extension of the Moura-Costa method. Had the Lashof method 
been used, different results would have been reported as earlier years of storage 
receive a proportionately lower credit. It is inportant to note that the time-period 
within which radiative forcing is integrated (100 years) determines the credit given to 
tenporary carbon storage. Moreover, the choiee of this time period is arbitrary, 
despite the broad consensus that it commands, not least for being consistent with the 
Kyoto Protocol (Levasseur et al., 2012). Several limitations, as well as justifications, 
of this time period, as well as of the GWP index can be found in the literature 
(Feamside, 2002; Shine et al, 2005; Shine, 2009; Tanaka et a l, 2010).
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Transformation Occupation TOTAL
Year Annual 
Burden (%)
Cumulative 
Burden (%)
Annual Impact 
(tC-year)
Cumulative 
Impact (tC-year)
Impact
(tC-year)
Impact
(tC-year)
1 9.75 9.75 97.5 97.5 100 197.5
2 9.25 19.00 92.5 190.0 100 290.0
3 8.75 27.75 87.5 277.5 100 377.5
4 8.25 36.00 82.5 360.0 100 460.0
5 7.75 43.75 77.5 437.5 100 537.5
6 7.25 51.00 72.5 510.0 100 610.0
7 6.75 57.75 67.5 577.5 100 677.5
8 6.25 64.00 62.5 640.0 100 740.0
9 5.75 69.75 57.5 697.5 100 797.5
10 5.25 75.00 52.5 750.0 100 850.0
11 4.75 79.75 47.5 797.5 100 897.5
12 4.25 84.00 42.5 840.0 100 940.0
13 3.75 87.75 37.5 877.5 100 977.5
14 3.25 91.00 32.5 910.0 100 1010.0
15 2.75 93.75 27.5 937.5 100 1037.5
16 2.25 96.00 22.5 960.0 100 1060.0
17 1.75 97.75 17.5 977.5 100 1077.5
18 1.25 99.00 12.5 990.0 100 1090.0
19 0.75 99.75 7.5 997.5 100 1097.5
20 0.25 100.00 2.5 1000.0 100 1100.0
The endpoint approach proposed in Chapter II was not followed because there are 
several economic, environmental and social inpacts that this assessment overlooks. 
Indeed, economic inpacts onfy included financial revenues and excluded human, 
social, natural and cultural forms of capital The environmental assessment includes 
climate change and land-use inpacts on ecosystem services and biodiversity, but 
excludes ozone depletion, human toxicity, particulate matter / respiratory inorganics, 
ionising radiation, photochemical ozone formation, acidification, eutrophication, 
ecotoxicity and resource depletion. No social inpacts are considered. As a result, 
land-use inpacts were onfy modelled ip to the midpoint indieators of the cause-effect 
chain proposed here.
5.3.4 Interpretation
The selection of sustainable options was based on the Pareto-optimality approach. 
Consequently, any strategy which results in a slight worsening o( e.g., climate change 
but which shows substantial inprovements in the other two objectives was ruled out. 
Tbe interpretation of Pareto-optimality may be seen as too rigid and some form of 
prioritisation may be preferred. However, a central point in this thesis is the avoidance 
of use of subjective/arbkraiy methods for weighting different aspects. This was
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achieved, but comes at the expense of other limitations. If weights had been used, the 
outcomes would have been different. However, it is unclear how weights should be 
assigned and what the resultant differences would be. This is avoided by adopting a 
Pareto criterion where strategies are considered more sustainable i( and onfy i^  they 
provide inprovements on all three aspects assessed (climate, ecosystems & 
biodiversity, and économie value-added). This is conpatible with the philosophy in 
LCA of not shifting burdens between different inpacts and thereby avoiding that 
gains in one inpact come at the expense of another. Furthermore, it is possible to 
identify trade-offe between the different objectives, even though this has not been 
made explicit in the thesis.
5.4 Conclusions
Following fi’om the objectives and research questions specified in Chapter I 
(Introduction), the following were achieved:
1. The development of life cycle inpact assessment methods for land use inpacts 
on ecosystem services and biodiversity, and on biological carbon sequestration 
potential LCA methodology and characterisation foctors for inpacts of land- 
use strategies on climate change, and ecosystem services and biodiversity were 
developed. A method that is consistent with current LCA methodology was 
developed for accounting for biogenic carbon flows to and fi*om land for the 
purpose of carbon footprinting the different land-use strategies.
2. The global environmental and economic consequences of alternative land-use 
strategies in the UK were characterised, conpared and contrasted. The 
location and magnitude of the land areas outside the UK that are affected by 
alternative land-use strategies in the UK through substitution effects were 
identified, and the environmental and economic inpacts ipon them quantified.
3. The land-use strategies in the UK that, on a global level, contribute the most to 
mitigating both climate change and inpacts on the provision of ecosystem 
serviees and on biodiversity, while increasing global economic value, were 
identified. Here, the land-use strategies that are Pareto-efficient. Le. the 
strategies that simultaneousfy have lower global environmental inpact and 
higher global economic gains than the baseline were identified. The best of the
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Pareto-efficient land-use strategies and where in the chain of consequences 
their benefits lie were identified, and recommendations for more sustainable 
land use were given. It was concluded that biofiiels should not be promoted for 
their climate-change mitigation potential
For each set of strategies, Pareto-optimal strategies have been identified that represent 
an inprovement relative to the reference land system in all three criteria: climate 
change, ecosystem services and biodiversity, and economic performance. Out of 216 
scenarios, only 14 were identified as being sustainable land-use strategies. Of those, 
onfy one strategy for biofiiels was Pareto-optimal intensive sugar beet production on 
set-aside land. This points out that the currentfy most popular land-strategy for 
climate-change mitigation among policy-makers (le. biofiiels) is not the most 
efficient, even when climate change is the sole concern.
Instead, energy crops fi)r electricity displace more GHGs than biofiiels and contribute 
more to sipport ecosystem services and biodiversity. Not surprisingfy, forestry crops 
for carbon sinks are better for both climate change and ecosystem services and
biodiversity, but generate less economic value.
It is clear from the results that most of the inpacts arise in the background system. 
Therefiire, the land uses in the UK that have a positive inpact (or a minimal negative 
inpact) overseas are preferred and recommended here.
This study shows that an integrated sustainability assessment that is holistic by 
following a systems approach is both applicable and relevant to decision-making
regarding land use, and may be a suitable alternative to both economic equilibrium 
models and attributional LCAs. Despite the limitations identified above, the approach 
developed and applied here represents an inprovement to attributional LCA 
approaches that M  to consider indirect effects. It is also more objective and
transparent than economic equilibrium approaches (and possibfy less uncertain, as 
displacements are biophysical, not economic).
5.5 Further research
There are some ways in which the sustainability assessment framework and model 
developed here could be extended to be made more robust and informative.
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One way would be to extend the model to cover a larger regional scope (e.g. nation­
wide) and, hence, include the limits identified above related to adopting larger scales. 
Furthermore, linking this approach with economic models would enable the modelling 
of inpacts on food prices and, hence, food security. Furthermore, additional land uses 
for energy (e.g. photovoltaics) could also be assessed against conpeting land uses. 
Some research has already been reported on this topic (e.g. Humbert et aL, 2008). 
Also, the present research links very clearfy with muM-objective linear programming 
and optimisation, and with multple criteria decision analysis in general It should be 
productive to link this life-cyele, bio-economic, economy-wide and dynamic model 
with a multi-objeetive optimisation model whereby all the relevant targets and 
variables are captured. An exanple of this could include the optimisation of land use 
(and other agricultural resources) in the UK/EU, with regards to environmental, 
economic and social objectives. This could include the foEowing variables and 
constraints:
Land use (main crops)
Agricultural resources (irputs): land area (different qualities -GIS), water, 
nutrients, labour, machinery (fossil fiiel use), livestock, etc.
Forested area and changes thereof
Outputs: Food Crops and Bioenergy, including inports and exports 
Population, its growth and nutritional requirements 
Time
Productivity of different agroecosystems (organic, integrated, conventional, 
agroforestry, permacukure, etc)
Market inperfections (e.g. exctemalkies property quantified)
Policies (exogenous variable, le. exctemal shock/drivers, e.g. CAP, price sipport, 
taxes)
Prices of irputs, processes and outputs (Value Chain Analysis)
Local economy contributors 
• Rotation requirements/constraints
It could also include targets that can be explored in combination or separately through 
scenarios. Excanples include:
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• Post-Kyoto Protocol commitments: e.g the UK commitment to reduce GHG 
emissions by 80% by 2050
• Bioenergy to account for 20% of total energy production
Additional research needs include, particularfy the vaEdation and calibration of 
characterization models used in Life Cycle Inpact Assessment for ecosystem services 
and biodiversity. In this area, a quantitative cause-effect chain linking land-use 
interventions to endpoints (e.g. ecosystem goods and services, biodiversity, food 
security, human health, etc.) in both biophysical and economic terms would be 
extremely interesting.
5.6 Pokey inpHcations
Given the multitude of objectives related to land-use poliey (e.g. decreased cEmate 
and ecosystem services and biodiversity inpacts, fiiel security and redistribution of 
income to formers), it is inportant that an integrated environmental and economic 
assessment is performed to identify the most sustainable land-use strategies. This has 
been done by deploying a strong sustainability approach (see Glossary and e.g. Ayres 
et al, 1998), whereby the different criteria (environmental and economic) are not 
weighted and traded as is common in neoclassical approaches, such as Cost-Benefit 
Anafyses. Nonetheless, an approach that quantifies, for exanple, externalities (such as 
carbon emissions) or ecosystem services could fiillow this approach in an economic 
optimisation model, despite the methodological constraints and the ethical limitations 
that this approach would represent.
It is exactfy market foilure in the allocation of agricultural resources and the resulting 
inpact on sustainability that justifies regulation in agriculture and therefiire policy 
sipport. This is the rationale fiir government intervention in agriculture, particularfy 
sipport for sustainable land systems or taxation of forming systems that reduce 
sustainability (through, e.g., pollution).
It is clear that, while promoting biofiiels will increase rural income and decrease 
energy dependence, it is a mediocre or even counterproductive strategy to mitigating 
climate change. Rather, increasing the capacity of land to sequester and store carbon, 
particularly on set-aside, would be beneficial
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6.1 Appendices to Chapter I
6.1.1 Land and Society
Since the settlement of human populations which the invention of agriculture 12,000 
years ago made possible, humans have manipulated those ecosystem elements (e.g. 
vegetation or land cover, soil properties) in order to secure those essential resources 
that supported their livelihoods (food, energy, timber, etc.)
History has shown that the over-use of essential resources has led to the fall of 
different civilizations. For example, the Sumerians 6,000 years ago were afflicted by 
salination that resulted from their irrigation practices and the Mayans by the loss of 
topsoil that resulted from excessive deforestation (Brown, 2008). The downfall of the 
civilisation of Easter Island is perhaps the most-cited example of the excessive use of 
natural resources in a limited system. Further accounts of this mysterious history can 
be found in Diamond (1995; 2005a; 2005b). In his latest book Collapse he identifies 
eight factors that have contributed to the collapse of past societies: deforestation and 
habitat destruction, soil problems (erosion, salination, and fertility loss), water 
management problems, overhunting, overfishing, effects of introduced species on 
native species, overpopulation, and increased per-capita impact of people (Diamond, 
2005b). In addition, he identifies four new factors that may impair current and future 
societies: anthropogenic climate change, build-up of toxins in the environment, 
energy shortages, and the full utilisation of the Earth’s photosynthetic capacity 
(Diamond, 2005b). All of these problems have overpopulation relative to the 
biophysical carrying capacity as an underlying factor, except for the consequences of 
the introduction of alien species. However, other non-environmental-change factors 
(e.g. military and economic) have also led to the demise of past and modem societies, 
such as that of Carthage (which was destroyed by Rome in 146 BC) and the Soviet 
Union (Diamond, 2005b).
Table 6.1.1 shows some examples of societies that have collapsed due to one or more 
of the five sets of factors. Nowadays, excessive water use in Pakistan and Yemen is 
likely to result in severe water shortages (Brown, 2008). Other countries that likely 
will be unable to cope with environmental change include Iraq, Sudan, Somalia, 
Chad, Afghanistan, Congo, and Haiti (Brown, 2008). Furthermore, the global land
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system is put under increasing population pressure by the net increase of 80 million 
people per year in the global human population.
Table 6.1.1 Sets o f factors in considering the collapse o f a society (examples from the past (Diamond,
Society Causes of collapse
Greenland Norse - Climate change
- Environmental damage
- Loss o f trading partners
- Hostile neighbours
- Unwillingness to adapt in the face o f social collapse
Easter Island - Environmental damage (deforestation, resource 
depletion (esp. wood)
Polynesians of Pitcairn Island - Environmental damage
- Loss of trading partners
Anasazi o f Southwestern North America - Environmental damage
- Climate change
Maya o f Central America - Environmental damage
- Climate change
- Hostile neighbours
Threats to food security, therefore, have accompanied and continue to accompany 
human history and have led to the collapse of many earlier civilizations (Brown, 
2008). Limiting factors to food production include extreme climate events (e.g. heat 
waves, droughts and floods), falling water tables, as well as the increasing conversion 
of cropland to non-food crops. In the USA, for example, one-quarter of the grain 
harvest in 2008 was used for the production of bioethanol in an attempt to reduce its 
oil insecurity. However, this helped drive world grain prices to record levels, creating 
unprecedented food insecurity (Brown, 2008).
Also linked to food security, the social aspects of land include property-rights 
regimes, which may constitute a major violation to sustainability and human rights of 
the most vulnerable, like the poor and indigenous people. See, for example, Brazil’s 
Movimento dos Trabalhadores Rurais Sem Terra — MST (in English, Landless 
Workers' Movement).
6.1.1.1 Food Systems
Land has been traditionally used for the cultivation of food crops. The increased 
performance of agroecosystems in supplying humans with food has partly been the 
cause of the steady increase and recent boom in population growth. Indeed, since the 
domestication of plant and animal species 12,000 years ago, human numbers have
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risen steadily until the industrial revolution, when population grew at a faster rate. It is 
still an open question whether the limited land available for food production will be 
able to sustain the human population in the future, which presents not only a ehallenge 
for technology, but also for consumption patterns and even population levels. This 
section aims at revisiting food systems and their evolution and sustainability 
implications from an interdisciplinary perspective, ineluding their differentiation 
throughout time and spaee, with particular emphasis on food security.
There are bio-physieal resource constraints -  such as land, water and fossil fuels -  that 
will continue to shape the evolution of food systems. Concomitantly, wider 
underlying factors, such as human population, also play a role. Although population 
growth puts pressure on food systems, food security is mainly an economic and 
political problem, not technical. Consequently, industrial agriculture, by itself, does 
not present a suitable solution to improve food security. In addition to the economic 
and technical aspects of food systems, political, institutional and governance issues 
that go beyond resource-use effieiency (including globalisation, aid and, most 
importantly, access to and distribution of resources) have a significant impact on the 
sustainability of food systems. Food systems have the potential to be sustainable and 
feed the world, although, to that effect, the following aspects will have to be 
addressed: purchasing power; equity of distribution and access to resources, including 
land reform and security of property rights; dumping; diet change; producer and 
consumer responsibility; hunger prevention; awareness-raising; debt and its 
cancellation; favourable fiscal environment for the production of food and food 
security (such as ceasing to subsidise non-food crops); soil and water conservation; 
and finally changing growth and consumption patterns. All these require mainly 
government intervention.
The aim of any food system is the provision of food. Food is one of the most basic 
needs for any life form, and human evolution has primarily depended on ability to 
manage agroecosystems successfully for increased quantity and variety of food. 
Indeed, the increased performance of agroecosystems has been both the result and the 
cause of the success of the human species. A performance assessment of food systems 
will therefore have to address primarily quantity and quality of food output.
Food production is the primary function of a food system, so as to increase food
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security. Food security exists when all people, at all times, have access to sufficient, 
safe and nutritious food to meet their dietary needs and food preferences for an active 
and healthy life (FAO, 2004). Lack of food security (food insecurity) has serious 
negative consequences on the human population, in particular hunger, stunting (which 
leads to premature failure of vital organs), higher rate of disease and illness; and 
chronic nutritional deficiencies leading to defects in cognitive development (FAO, 
2004). Unfortunately, global food security has never been achieved despite significant 
efforts and achievements in increasing both total food output and yield.
Food systems have radically changed throughout human history, from the hunter- 
gatherer phase, through the agricultural, industrial and green revolutions, to the global 
industrial system that dominates today. Any sustainability assessment of a system 
requires the inclusion of social, environmental and economic dimensions of that 
system. It is often found that improvements in one of these dimensions translates into 
greater sustainability. However, this is generally not the case as there are often trade­
offs among the different dimensions. A clear example would be the increased use of 
agrochemicals. The resulting yield represents a positive economic and social impact, 
whereas the environmental impacts are negative. A truly sustainable change refers to a 
change whereby at least one dimension of sustainability improves with no 
concomitant negative changes in either of the other two dimensions. Despite the 
unclear borders, there is an area where many sustainability states possibly exist 
(intersection of the circles in Figure 6.1.11) and where the above observation does not 
apply as the system will still be sustainable anywhere within that space.
ECO-CENTRIC
CONCERNS
Natural resources and 
ecological capacity
Human capital and 
social expectationsTechno-economic
systems
SOCIO-CENTRIC
CONCERNSTECHNO-CENTRIC
CONCERNS
Figure 6.1.1 The three dimensions o f sustainability (Clift, 1995)
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Food systems have improved mainly in technical and economic terms, but have 
generally had detrimental effects on the environmental dimension. The social 
dimension is less clear that the others, although the general consensus is that of a 
positive impact justified by the increased abundance of food in the world. Indeed, 
sustainability has arguably increased as the increased yield resulted in decreased food 
prices and, thus, greater access to food. Conversely, the increase in social 
sustainability was accompanied by a decrease in environmental sustainability in 
increasingly intensive food systems. Furthermore, globalisation has allowed for 
unprecedented flows of food products around the globe, which may have alleviated 
food insecurity.
Food systems have evolved throughout time: from a hunter-gatherer phase, through 
the agricultural, industrial and green revolutions, and up until the global contemporary 
phase. These are explored in this section, while the emergence of a new 
agroecological paradigm is also discussed in this sub-section.
6.1.1.1.1 The Hunter-Gatherer Phase
When I  grow up, I  want to he a hunter-gatherer. 
Vanessa Clift (ca.l995)
Hunter-gatherer societies were relatively small (up to 500 individuals) and food and 
shelter security consumed most of people’s time and energy, leaving little or none for 
any other activities (Pimentel and Pimentel, 1996). These societies were nomad and 
would migrate wherever food was accessible. Opportunities for significant increases 
in population were rather limited and the energy input per unit of energy consumed 
was higher than in present industrial food systems but lower than the subsequent 
phase (see Table 6.1.2 and Figure 6.1.2). In this phase, food systems were natural and 
largely unmanaged, and consisted in the collection of edible parts of plants from the 
wild. Hunting played a crucial role in fulfilling the energy requirements of the human 
population, as did the ability to control fire.
6.1.1.1.2 The Agricultural Revolution
The (first) agricultural revolution happened 12,000 years ago with the domestication 
of both plant and animal species. The resulting increase in the supply of food allowed
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for the accumulation of surpluses that sustained a steady increase of the human 
population (see Figure 6.1.3), and meant that human populations could or had to 
settle.
Table 6.1.2 Energy accounts for food production (MJ ha'^yr’’) (Common and Stagl, 2005; Leach,
Hunting and 
gathering
Pre-industrial
agriculture
Industrial
agriculture
Labour 0.37 5,650 20
Animals 960
Machinery 230 18,590
Fertiliser 11,660
Pesticides 1,090
Drying 4,480
Irrigation 29,620
Total input 0.37 6,840 65,460
Output 2.90 281,100 84,120
Output/input ratio 7.8 41.1 1.3
Output/human input ratio 7.8 4^8 4,206.0
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Figure 6.1.2 The energetics of food production systems (Common and Stagl, 2005; Leach, 1975)
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Energy efficiency was at its highest in history because the energy output increased 
much more than the energy input. The resilience of the food system -  i.e. its ability to 
withstand an external shock -  and its stability were primary concerns for the success 
of this system.
6000 4000 2000 A D I 200012,000 BC 10000 8000
Year
Figure 6.1.3 Human population growth from the first agricultural revolution to the year 2000 (UNPD, 
2008)
6.1.1.1.3 The Industrial Revolution
The industrial revolution, 250 years ago, allowed for greater energy yields per hectare 
due to the ten-fold increase in energy input, and saw a far lower labour input per 
hectare and year than in pre-industrial agriculture (see Table 6.1.2). Human numbers 
grew at an unprecedented rate (see Figure 6.1.4 and Table 6.1.3). Environmental 
impacts started being felt more significantly after this revolution. In addition, land-use 
change (in particular deforestation from conversion to cropland) was very significant 
as humans were able to farm increased amounts of land.
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Figure 6.1.4 Human population growth in this epoch (UNPD, 2008)
Table 6.1.3 World Population milestones and growth rates (extrapolated from UNPD, 2008)
Billion
people
Reached in 
(year)
Time elapsed from the 
previous billion (years)
Compound annual 
growth rate (%)
1 1804 -250,000
2 1927 123 0.57
3 1960 33 1.24
4 1974 14 2.08
5 1987 13 1.73
6 1999 12 1.53
Estimeted to be 
reached in (year)
7 2011 12 1.29
8 2025 14 0.96
9 2045 20 0^9
10 2183 137 0.08
6.1.1.1.4 The Green Revolution and Food Security
There is no such thing as an apolitical food problem.
Amartya Sen (1999)
The “green revolution” refers to the substantial increase of output that the industrial 
revolution permitted by the synthesis of fertilisers and the use of mechanisation. Its 
impacts on the environment, particularly biodiversity, have not been modest but, at 
the same time, food security increased throughout the world. The effects of this 
revolution are complex and difficult to assess as several governance and institutional 
issues have emerged regarding property-rights and the ownership of food-producing 
inputs. Indeed, it is believed that the adoption of energy-intensive technologies, as 
well as the loss of traditional techniques and skills, has made people and food systems 
less resilient to external shocks. Furthermore, these new technologies undermine the
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potential of (natural) agroecosystems to sustain themselves onee they start being used.
Figure 6.1.6 to Figure 6.1.10 show various food production indices. Box 6.1 explains 
these.
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Figure 6.1.5 Agricultural Production Indices, total and per capita (FAO, 2009a)
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Figure 6.1.6 Cereal Production Indices, total and per capita (FAO, 2009a)
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Figure 6.1.7 Crop Production Indices, total and per capita (FAO, 2009a)
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Figure 6.1.8 Food Production Indices, total and per capita (FAO, 2009a)
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Figure 6.1.10 Non-food Production Indices, total and per capita (FAO, 2009a)
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Box 6.1.1 Agricultural Production Indices
"The FAO indices of agricultural production show th e  relative level of th e  a g g re g a te  volum e of 
agricultural production for each y e a r  in comparison with th e  b ase  period 1999-2001 .  They a re  
based  on th e  sum  of price-weighted quantities of different agricultural commodities produced af te r  
deductions of quanti ties used as  seed  and feed weighted in a similar m anner .  The resulting 
ag g reg a te  rep resen ts ,  there fore ,  disposable  production for any  use except a s  seed  and feed.
All th e  indices a t  th e  country, regional and world levels a re  calculated by the  Laspeyres formula. 
Production quantities  of each commodity a re  weighted by 1999-2001  ave rag e  international 
commodity prices and su m m ed  for each year.  To obtain th e  index, th e  ag g reg a te  for a given y ea r  
is divided by th e  av e rag e  a gg rega te  for th e  base  period 1999-2001 .
Since the  FAO indices a re  based  on the  concept of agriculture a s  a single en terprise ,  am o u n ts  of 
seed  and feed a re  sub trac ted  from the  production da ta  to avoid double counting th em , once in th e  
production da ta  and once with th e  crops or livestock produced from them . Deductions for see d  (in 
th e  case  of eggs ,  for hatching) and for livestock and poultry feed apply to  both domestically 
produced and imported commodities . They cover only primary agricultural products  dest ined  to 
animal feed (e.g . maize, p o ta toes ,  miik, etc .) .  Processed and sem i-p rocessed  feed items such as  
bran, oilcakes, meals  and m olasses  have been  completely excluded from th e  calculations a t  all 
s tag es .
I t  should be noted th a t  when calculating indices of agricultural, food and non-food production, all 
in term edia te  primary inputs of agricultural origin a re  deduc ted .  However, for indices of any o th e r  
commodity group, only inputs originating from within th e  s a m e  group a re  dedu c ted ;  thus ,  only 
seed  is rem oved from th e  group "crops" and from all crop subgroups ,  such as  cereals, oil crops, 
etc .;  and both feed and seed  originating from within th e  livestock sec tor  (e.g. milk feed , hatching 
eggs)  a re  rem oved from th e  group "livestock products". For th e  main two livestock subgroups ,  
namely, m e a t  and milk, only feed originating from th e  respective subgroup is rem oved .
The "international commodity prices" a re  used in o rd e r  to  avoid the  use  of exchange  ra te s  for 
obtaining continental and world agg reg a te s ,  and also to im prove and facilitate international 
com parative  analysis of productivity a t  th e  national level. T hese"  international prices", exp ressed  
in so-called "international dollars", a re  derived using a Geary-Khamis formula for th e  agricultural 
sector. This m ethod  ass igns a single "price" to each commodity. For exam ple , one metric ton  of 
w h ea t  has the  s a m e  price regard less  of th e  country  w here  it was produced. The currency unit in 
which the  prices a re  ex pressed  has  no influence on th e  indices published.
The commodities covered in th e  com putation  of indices of agricultural production a re  all crops and 
livestock products originating in each country. Practically all products  are  covered, with th e  main 
exception of fodder crops. The category  of food production includes comm odities th a t  a re  
considered edible and th a t  contain nutrients. Accordingly, coffee and te a  are  excluded along with 
inedible comm odities because ,  although edible, th ey  have  practically no nutr it ive value.
Indices for m e a t  production a re  com puted  based on d a ta  for production from indigenous anim als ,  
which ta k e s  account of th e  m e a t  equivalent of exported  live animals but excludes th e  m e a t  
equivalent of imported iive animals. For index purposes ,  annual chang es  in livestock and poultry 
num bers  or in their  ave rag e  live weight a re  not taken  into account.
The indices are  calculated from production data  p resen ted  on a ca lendar  y e a r  basis.
The FAO indices may differ from those  produced by th e  countr ies them se lves  b ecau se  of 
differences in concepts  of production, coverage , weights , t im e reference  of da ta  and m e th o d s  of 
calculation. " (FAO, 2009a)
258
Global cereal production has more than doubled in the last 50 years (see Figure 
6.1.11). This inerease is accompanied by an inerease (although generally at a lower 
rate) of the human population (see Figure 6.1.12), resulting in a trend of increased 
cereal production per capita up to 1985. However, this trend was reversed in the 
following 10 years. As Figure 6.1.12 clearly shows, the growth rate of the human 
population was higher than that of cereal production between 1985 and 1995. Since 
1995 the trend is again positive, and cereal produetion levels per capita in 2005 were 
back at those of 1980 (see Figure 6.1.13). These figures, however, are global 
averages. Therefore, the true extent of food inseeurity is masked by a potential high 
variance around the mean.
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Figure 6.1.11 Global cereal production, 1961-2008 (FAOSTAT, 2010)
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2009a; UNPD, 2008)
As recognised in the first of the United Nations Human Development Goals (MDG, 
see chapter I) -  which aims at halving, between 1990 and 2015, the proportion of 
people who suffer from hunger -  food insecurity is arguably the most important issue 
that world soeiety faees today and, accordingly, an urgent response is needed. A few 
years before, at the World Food Summit (WFS) of 1996, the representatives of 185 
eountries and the European Community pledged to strive to eradicate hunger. As a 
first decisive step, they set the goal of halving the number of undernourished in the 
world by 2015 (from 1990-92 levels).
In the period 1990-1992, 845 million people (or 16% of the world’s population) was 
undernourished. In order for the WFS goal to be met, the number of hungry people 
would need to be cut by half, to 423 million (almost 10 million per year). Sinee the 
world’s population is expected to reaeh 7.3 billion by 2015 (UNPD, 2008), satisfying 
the MDG of halving the proportion of undernourished people means the total number 
must not exceed 584 million (8% of total). In order to meet the MDG and WFS goals, 
the number of hungry people should be reduced yearly by 2.7% (17 million people) 
and 3.5% (21 million people), respeetively, between the year in which they were 
proposed and 2015.
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Figure 6.1.14 shows an overall positive trend for meeting the above goals. Figure 
6.1.15 shows that, in general, people increased their dietary energy intake between 
1990 and 2005. However, as opposed to the other regions of the world and the 
developing world as a whole, sub-Saharan Africa has not enjoyed the same level of 
decrease in the proportion of undernourished people. Conversely, the proportion of 
undernourished people in developed countries has increased since the 2000-2002 
period to the same levels as 1990-1992.
Until 1995-97, the trend in the absolute number of hungry people showed a decline 
which has been reversed sinee then. Indeed, FAO (2009b) estimated that there are 
around I billion people world-wide who experience hunger (the largest number since 
1969-71), most of whom are in the regions of Asia and the Pacifie and Sub-Saharan 
Africa (see Figure 6.1.16 and Figure 6.1.17).
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Figure 6.1.14 Prevalence of undernourishment in total population, per world region (%)(FAO, 2008)
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Figure 6.1.16 Number of hungry people in the World (in Millions), per region (FAO, 2009b)
262
The proportion of undernourished people decreased from 24% in 1969-71, to 19% in 
1979-81, to 16% in 1990-92, to 14% in 1995-97 and 2000-02, to 13% in 2004-06 (see 
Figure 6.1.17). However, given the 1-billion figure for 2009, this trend is bound to rise 
depending on the growth rate of the total population (i.e. in order for the proportion to 
remain the same -  at 13% - population would have to grow by 16.5%, resulting in a 
total population of over 7.5 billion people, a figure which is only expected between 
2015 and 2020. Assuming a generous estimate of 6.9 billion people in 2009, 14.7% of 
all people were undernourished in that year. Therefore, not only the absolute but also 
the relative number of people undernourished is increasing. If this is the case, neither 
the MDG nor the pledges made at the World Food Summit (i.e. of halving the 
proportion and number, respectively, of people undernourished from 1990-92 levels) 
will be met. The annual rates of decrease of undernourished people between 2009 and 
2015 would have to be 8.8% and 13.6% for the MDG and the WFS goal to be met, 
respectively (see Figure 6.1.18). As the original -  and more modest -  rates of around 
3% have not been met thus far, it is extremely unlikely that either of these goals will 
be met (see Table 6.1.4 and Table 6.1.5).
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Table 6.1.4 Distance to food security targets, at time of proposal and in 2009
MDG WFS
2015 target (million) 584 423
Distance to target from time when proposed (years) 15 19
Reduction from time when proposed (%) 32 49
Reduction from 2009 levels (million) 433 595
Reduction from 2009 levels (%) 43 58
Annual average reduction originally envisaged (million) 17 21
Annual average reduction needed in 2009 (million) 72 99
Annual average reduction originally envisaged (%) 2.7 3.5
Annual average reduction needed in 2009 (%) 9 14
Table 6.1.5 Average annual changes since 1969-71
From To Annual change 
(%)
1969-71 1979-81 -0.3
1979-81 1990-92 -0.1
1990-92 1995-97 -0.5
1995-97 2000-02 0.8
2000-02 2004-06 0.5
2004-06 2008 0.6
2008 2009 11.1
1969-71 2009 0.4
1990-92 2009 1.0
The factors affecting food security are not limited to food production and the 
biophysical factors that determine it. Indeed, a range of economic, governance, social, 
political and institutional factors have always played a role. It is widely acknowledged 
that the sharp increase in the number of food-insecure people was not due to poor crop 
harvests, but resulted from high domestic food prices, lower incomes and increased 
unemployment (as a result of the global economic downturn), which have reduced the 
poor’s access to food (FAO, 2009b). Indeed, in the first half of 2008, FAQ’s food 
price index more than doubled relative to 2002-04, while food prices for 2010 were
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around 70% more expensive than the 2002-04 baseline. Between June 2009 and June 
2 0 1 0 , sugar prices were around three times more expensive than the baseline, while 
cereals, dairy, oils and fats were around 70% more expensive. Meat prices were 
around 30% above the baseline (FAO, 2009b).
The claim that there is not enough food in the world to feed everyone adequately is 
false. What is lacking is equitable distribution caused by unequal purchasing powers. 
Biotechnology cannot tackle this issue. Instead it sells packages (seed and agro­
chemicals) that encourage greater dependence on external resources. The higher 
yields claimed are also controversial. This is not a subject for scientists alone, but for 
society at large to decide whether to adopt this technology. In any case, more research 
and development on this technology as well as on the more traditional technologies 
seems necessary.
The evolution of food systems resulted in increases in total food production and food 
production per person. However, since 1999 the rates at which food production 
increases are steadily declining, possibly indicating that food production will peak in a 
relatively-short time frame (Figure 6.1.6 and Figure 1.2 in Chapter I). It It is shown 
that per capita food production is in decline since 2002, resurrecting Malthus’ old 
concern. Malthus perceived that an unrestricted population would increase 
geometrically / exponentially\ whereas food supply would increase arithmetically / 
linearly .^ Consequently, population growth would be constrained by diminishing food 
supplies. In reality, global food supply increased due to cropland expansion 
(particularly in the New World) and yield improvements made possible by the 
Agricultural and Industrial Revolutions. Indeed, this boost in food production (among 
other factors) allowed some societies to experience the demographic transition, which 
involved the shift from high birth- and death-rates in the 18* century to low birth- and 
death-rates by the middle of the 20* century. Nevertheless, Malthus’ point is still 
valid and relevant today. For example. Figure 6.1.19 to Figure 6.1.23 show that since 
the turn of the millennium more cereals are being consumed than produced, which is 
only possible because we are consuming reserves.
* i.e. f { x )  = a x V  
 ^i.e. f { x )  = a-\-bx
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Figure 6.1.20 World wheat production, utilization and stocks, 2000/01-2010/11 (FAO, 2011)
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6 .1.1.1.5 The New Paradigm: ecological agriculture, fair trade and diet change
Organic crop production (see Glossary) is an alternative to conventional, heavy fossil- 
resource reliant intensive production, focused mainly on the production stage of the 
chain. Organic, or ecological, farming differs from conventional farming in the 
production stage of the supply chain by having higher environmental and animal 
welfare standards, and specifically by using rotations, leys and green manures to 
achieve nutrient self sufficiency at farm-level. As a result of restrictions on the use of 
agrochemicals, the life-cycle environmental impacts may be less intensive than their 
conventional counterparts per unit of land area. However, per unit of output, e.g. 
metric tonne), the difference may be reversed as those same input restrictions for 
organically-managed land often result in lower yields (Lampkin et al. 2006), thus 
requiring more land to produce the same amount of products (which are typically 
more expensive than their conventional counterparts).
Despite aiming at increasing the sustainability of food systems, the lower intensity of 
an organic system results in lower yields and therefore lower land-efficiency (see 
Table 6.1.6). The relatively low environmental impacts (from not using synthetic 
fertilisers) may, thus, be offset by lower yields (e.g. Williams et a l, (2006)).
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Consequently, the ability of organic agriculture to feed the world is questionable and 
the subject of heated debate (e.g. Connor, 2008). Crop yields will be discussed further 
in Chapter III.
Table 6.1.6 Comparative yields for organic and conventional crops in Great Britain (adapted from
Crop Organic
( th a ')
Conventional
( th a ')
Relative
(conv=100)
Wheat 4.5 7.7 58
Barley 4.0 5.7 70
Oats 4.0 5.9 68
Rye 3.8 5.8 66
Triticale 4.5 5.8 78
Field Beans 3.0 L8 79
Dry Peas 3.5 3.6 97
Lupins 2.5 3.0 83
Potatoes 25.0 44.7 56
Carrots 36.0 58.0 62
Animal-based diets -  meat and dairy products - show very poor resource efficiency. Since 
there are alternative sources of protein, a decrease in consumption of animal-based 
products would, in general, increase sustainability. Being further up the food-chain, 
animal products require more land and water than the same quantity of energy and protein 
from plant sources).
Increased standards of living are accompanied by an increase in demand for livestock 
products: animal-based protein intake levels are positively correlated to economic 
development (GDP). Whereas in Economically More Developed (EMD) countries 
60% of the protein intake is based on meat, in Economically Less Developed (ELD) 
countries the proportion of animal-based protein is 22%. As mentioned above, meat 
requires land for feed, and therefore competes with humans for cereals. This is 
particularly true for ruminants. Less land is required to produce a certain amount of 
vegetable-based protein than the same amount from animal origin. Furthermore, 
almost half of total cereal production (44%) is for animal feed and 75% of cereals are 
produced in ELD regions (Evans, 1998). According to Woodward (1996), western 
Europe consumes nutrients from five times its agricultural area. If the total area 
dedicated to feed crops in the world was used directly for human food, it would 
adequately feed ten billion people (Evans, 1998).
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Box 6.1.2: The case o f Cuba’s food system
Cuba’s food system was formerly dependent on imports o f agricultural inputs for the production o f food 
from the former Soviet Union. As a result o f the fall o f the Soviet Union, Cuba has experienced serious 
food shortages and the daily calorific intake decreased from 2600 to 1000-1250 Kcal. Subsequently, a 
new alternative model was developed based, among other things, on intercropping o f cassava, beans 
and maize and other principles o f ecological farming. The new system that arose produced yields 1.5 to 
2.8 times higher than before, resulting in an increase in food production and in an average daily 
calorific intake o f 2,700 Kcal per person (Murphy, 1999; Pretty and Hine, 2001; Rosset, 2000).
Ecological footprinting has shown that Cuba is the only country developing sustainably (Moran et al., 
2008).
The environmental sustainability of food systems has been seriously compromised 
since the Industrial Revolution through increased use of fossil fuels in mechanisation 
and agro-chemical production, as well as increased intensification and appropriation 
of land from natural ecosystems. The increase in animal-based nutrition, along with 
changes in feed composition, has led animal production systems to give rise to some 
of the greatest environmental impacts of food systems.
The existing industrial food system in EMD countries has enabled satisfaction of non- 
elementary needs that go beyond physiological and security concerns. Whilst that may 
be considered a sustainability improvement, the wider impacts of this “green” 
revolution has had deep impacts on sustainability as a whole.
As international trade removed the need for diversification in domestic production, 
self-sufficiency in food became an old-fashioned concept. In many food-insecure 
regions, land is used for non-food crops, such as flowers, for export purposes. While 
the rationale for this makes sense (increased purchasing power compensates for the 
foregone use of land), in practice this has translated into increased susceptibility to 
hunger. In addition, land sold to multinational corporations is no longer accessible for 
subsistence farming. Transnational corporations now control the majority of world 
trade, particularly in agriculture: commodities like pineapple, tea, rice, cocoa beans, 
bananas, coffee, com, wheat and sugar are mainly controlled by around 2 0  
multinational corporations. This reveals a great power imbalance in the global food 
system. Furthermore, large areas of poor countries are being bought by both private 
companies and governments in a process termed “land grab”.
Recent years have seen growing interest in biotechnology due to its potential to 
increase food production, but again the more fundamental factors of empowerment
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and resource ownership are worsened, leaving peasant farmers more dependent on 
external inputs that require power of purchase in order to be used.
6.1.1.1.6 Culturo-geographical differentiation
Table 6.1.7 provides a comparison between “traditional and “modem” food systems. 
Food systems in ELD areas of the world are characterised by low-input, low-output 
systems. Conversely, their counterparts in EMD areas are characterised by high 
energy, water and material intensity. As such, despite producing more, industrial 
systems are less resource-efficient than some traditional systems that, through multi­
cropping, use land, water and nutrients more efficiently and sustainably.
Important questions have arisen regarding the way food systems in ELD countries 
should develop and the general answer involves a Westem approach to the 
management of agroecosystems. However, this would entail reliance on capital- 
intensive inputs, such as seeds and agrochemicals.
Food system feature “Traditional” food systems “Modern” food systems
Principal employment in food 
sector
In food production In food processing, packaging and retail
Supply chain Short, local Long with many food miles and nodes
Food production system Diverse, varied productivity Few crops predominate; intensive, high 
inputs
Typical farm Family-based, small to 
moderate
Industrial, large
Typical food consumed Basic staples Processed food with a brand name; more 
animal products
Purchased food bought from Small, local shop or market Large supermarket chain
Nutritional concern Under-nutrition Chronic dietary diseases
Main source o f national food 
shocks
Poor rains; production shocks International price and trade problems
Main source o f household 
food shocks
Poor rains; production shocks Income shocks leading to food poverty
Major environmental 
concerns
Soil degradation, land 
clearing
Nutrient loading, chemical runoff, water 
demand, greenhouse gas emissions
Influential scale Local to national National to global
6 .1.1.2 Forest Systems
At present, forests cover around 30% of total land area, or around 4Gha, which 
corresponds to an average of 0.6ha per capita. Five countries (Russia, Brazil, Canada, 
USA and China) account for more than half the total forest area. Several countries 
around the Equator have more than half of their area under forest (see Figure 6.1.24).
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Figure 6.1.25 shows the countries currently experiencing the highest rates of forest 
change. While China can be credited for promoting large-scale planting of trees, other 
countries (especially in tropical areas) still see large rates of deforestation, e.g. Brazil, 
Indonesia, Malaysia and Australia (FAQ, 2010).
Deforestation, at a small scale, is a practice that probably goes back tens of thousands 
of years. In the Neolithic period, with the advent of agriculture and the mastery of fire 
and stone, the scale of deforestation increased. The practice of “slash-and-bum” was 
common at the time (and still is in some regions of the world). During the middle 
ages, significant deforestation took place in Westem Europe in order to support an 
expanding human population, followed by a period of large-scale building of wooden 
sailing ships and production of charcoal. There is evidence that wood fuel had become 
in short supply, and that forest ecosystem services, like supply of wild game and flood 
control, declined as a result. It is suggested that, prior to the discovery of the New 
World, the Old World was in a difficult fuel and food situation, which was reversed 
by New World products (potatoes and maize) and by the use of soft coal (Cantor, 
1993).
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%Figure 6.1.24 Forest area as a percent of total land area by country, 2010 (FAO, 2010)
Figure 6.1.25 Net change in forest area by country, 2005-2010 (ha/year) (FAO, 2010)
Goldewijk (2001) estimates that the undisturbed global forested area of pre-historical 
times (5.86 Gha, larger than Eurasia) had been reduced by 0.4 Gha by 1700 (7%). By 
1990, the total forest cover loss due to increasing rates of conversion to cropland and 
grassland was around 1.7 Gha (roughly the size of Russia or South America), thereby 
reducing original forest cover by 29% (Goldewijk and Ramankutty, 2004).
The Global Forest Assessment (FAO, 2010) indicates that there are signs that the rate 
of deforestation is decreasing in many tropical areas. Overall, 13Mha of forest were 
converted to other land uses or lost though natural causes every year in the 2 0 0 0 ’s 
compared to 16Mha per year in the 1990’s. Many countries, like Brazil and Indonesia, 
which had the highest rates of deforestation in the world, have significantly reduced it 
in the 2000’s. Conversely, severe droughts and forest fires in Australia have 
exacerbated deforestation in the 2000’s (FAO, 2010).
Large-scale afforestation projects and natural expansion of forests significantly reduce 
the net loss of forest area globally. The annual net loss in the 1990’s is estimated at 
8.3Mha, compared with 5.2 in the 2000’s (FAO, 2010). The difference results mainly
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from slower deforestation, although the total area afforested is roughly half to one- 
third of that deforested.
Surprisingly, when considering North and Central America as distinct from South 
America, Europe remains the continent with the largest forested area (~lGha), which 
has been increasing since 1990. This is followed by South America and Africa (-0.9 
and -0.8Gha, respectively), both continuing to have the largest net loss of forest. The 
areas of forest in North and Central America, as well as those in Oceania, remain 
roughly unchanged from 1990 levels (-0.7 and -0.2 Gha, respectively). Asia has 
managed to reverse the net loss between 1990 and 2000, primarily due to large-scale 
afforestation in China, whose forested area is estimated at almost 0.6Gha.
More than one-third of the world’s forest is primary forest (FAO, 2010). These areas 
are important for biodiversity, as the same area of planted forest will not sustain the 
same levels of biodiversity, especially if the planted species are not native. The main 
pressure on these forests is logging activities. Indeed, production of wood, but also of 
non-wood products, is the primary use for some 30% of the world’s forests (FAO, 
2010).
In addition to economic functions, forests are also valued for their social and spiritual 
or religious attributes. Indigenous people, in particular, derive from forests not only 
their livelihoods, but also their identities. Forests, therefore, are not just a resource for 
anthropocentric instrumental purposes.
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Figure 6.1.26 Trends in forest area, 1990-2010 (Mha)
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6.1.1.3 Energy Systems
The alloeation of land to non-food produets in food-poor areas is difficult to defend 
morally. Nonetheless, increased amounts of land in both ELD and EMD regions have 
been put under erops with the purpose of energy production as these are regarded by 
some as the solution to some urgent social and environmental problems, in particular 
dependence on imports from unstable parts of the world and climate ehange.
Biomass already represents a significant proportion of primary energy consumption in 
ELD regions of the world and in the world as a whole (35% and 14%, respectively) 
(Balat and Ayar, 2005). It is estimated that people living in ELD regions represent 82 
% of the total human population, up from 6 8 % in 1950 and expected to rise to 8 6 % by 
2050 (FAO, 2004). However, it is worth noting that bioenergy would not supply even 
current energy demand due to the fact that land is a finite resource); a concern first 
alluded to by Thomas Malthus, who in his “An Essay on the Principle of Population” 
(1798) expressed his concern over population growth, agrieultural produetivity and 
limited land availability. Therefore, relianee on alternative sources of energy, 
including fossil-based, will continue for the foreseeable future.
Even so, there is increasing attention to bioenergy (see Glossary) in meeting political 
and environmental goals with less attention to arguably more urgent issues, such as 
food security. Since all crops require certain resources, of which land and water are 
clearly the limiting factors, an environmental assessment that ineorporates these is 
necessary to assess the sustainability performanee of this technology, alongside soeial 
eonsiderations -  in particular implications for the security of food.
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Table 6.1.10 Annual production, consumption and proved reserves o f coal at end 2009 (BP, 2010)
Production Consumption Reserves
Million toe % Million toe % Million tonnes % R/P ratio
North America 578 17.0 531 16.2 246,097 2&8 235
S. & Cent. America 53 1.6 23 0.7 15,006 1.8 181
Europe & Eurasia 420 12.3 456 13.9 272,246 33 4 236
Middle East 1 <&05 9 0.3 1,386 0.2 >-500
Africa 143 4.2 107 3.3 32,013 4.0 131
Asia Pacific 2,213 644 2J52 65^ 259,253 31.4 59
Total World 3,409 100.0 3^:78 100.0 826,001 100.0 119
100%
□ A sia Pacific 
B Africa
□ Middle E ast
■ Europe & Eurasia
□ S. & Cent. A m erica
■ North A m erica
Figure 6.1.27 Consumption of energy sources by world region (BP, 2010)
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Figure 6.1.28 Oil: proved reserves (BP, 2010)
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Figure 6.1.29 Oil: Crude oil prices 1861 -  2009 (BP, 2010)
Notes: Proved reserves- Generally taken to be those quantities that geological and engineering 
information indicates with reasonable certainty can be recovered in the future from known deposits 
under existing economic and operating conditions.
Reserves-to-production (R/P) ratio -  If the reserves remaining at the end of the year are divided by the 
production in that year, the result is the length of time that those remaining reserves would last if  
production were to continue at that rate.
Source of reserves data: World Energy Council, 2009.
Approximate conversion factors 
Crude oil
1 tonne (metric) = 7.33 barrels 
1 barrel/day = 49.8 tonnes/year
Natural gas
1 billion cubic metre = 0.90 million tonnes oil equivalent (toe) = 6.60 million barrels oil equivalent 
(boe)
Units
Calorific equivalents
1 toe = 10 million kilocalories = 41.8 gigajoules
278
6 .1.3 Land and the Global Energy Cycle
One physical law with important repercussions for ecological systems - but also for 
economic systems (see e.g. Georgescu-Roegen 1971) - is the second law of 
thermodynamics. All processes of energy conversion involve a decrease in the quality 
of the energy. This means that only a portion of the energy is available for further 
conversion and implies that energy conversions are less than 1 0 0 % efficient and are 
therefore irreversible. From a thermodynamic point of view, plants, animals and 
ecosystems are open systems as they exchange both matter and energy with their 
environment (e.g. water, nutrients, CO2, energy, oxygen, water, heat).
The only source of energy that the biosphere receives is that from the Sun and which 
is responsible for virtually all life on Earth. The energy delivered by the sun is both 
intermittent and changes during the day and with the seasons. The average amount of 
solar radiant energy incident on the earth’s surface at a mean orientation and at a 
mean earth-sun distance is known as the solar constant, which is ~ 1,367 W m'^  
(Chapin et a l, 2002). The total energy received by the Earth from the Sun is then 
equal to this value multiplied by the cross-section of the Earth (tt r^  = 127.5 * 10^  ^m )^ 
viewed from the Sun (Mason and Hughes, 2001). This power averaged over the 
whole surface of the Earth is -342 W m'^ , which gives the total amount of energy 
received from the Sun of -174 PW  ^ or 5.5 * 10^  EJ per year. This is more than 10^  
times the current global anthropogenic energy consumption of -16TW (-500EJ"  ^per 
year). Of this incoming solar radiation, -30% is reflected back into space from clouds 
(20%), air (6 %) and water and land (4%); and -70% is absorbed by the surface of the 
Earth (water and land, 50%) and the atmosphere (water vapour, 17%; and clouds, 3%) 
(Chapin et ah, 2002). This equates approximately to the 2.8 * 10^  EJ that reach the 
surface of the world every year. Thus, the annual average horizontal surface 
irradiance is approximately 171 W m'^ . When 171 W m'^  is integrated over 1 year, 
the resulting 5.4 GJ that is incident on 1 m^  at ground level is approximately equal to 
the energy that can be extracted from one barrel of oil, 200 kg of coal, or 140 m^  of 
natural gas (World Energy Council 2007). 5.4 GJ m'^  yr'^  is equivalent to 5.4 10^  ^ J 
km~^  yr'\ Since the area of the planet is 510 million km ,^ the total solar energy 
absorbed is 2.8*10^ '^  J per year or around 87 PW. This is 5.5 thousand times the
1 PW = 10’  ^W 
1 EJ= lO^ J^
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current anthropogenic energy use of around 500 EJ per year. However, land above 
sea-level is less than 30% of the surface of the globe (15 Gha )^. Of this land, 5 Gha is 
aheady under agriculture (roughly, 1/3 cropland and 2/3 pasture). The remaining area 
is under forest cover and different semi-natural vegetation types. In addition, plants 
are only able to convert a fraction of the energy that is incident upon them. The total 
yearly biomass production (NPP) in the world is estimated at 59.22 GtC yr"\ which is 
-2,100 EJ^  (around 4 times our energy use) or -0.1% of the total incident energy. 
Indeed, the conversion efficiency of plants by photosynthesis varies between 0.1% for 
natural vegetation to 8 % in C4 crops. Wheat, rice, potatoes and com are able to 
convert 0.2, 0.3, 0.4 and 0.5%, respectively, whereas forage grass can convert as 
much as 3% and sugar cane between 4% and 8 % (Gliessman, 2007). Assuming 
conservative average values for photosynthetic efficiency (1%) and energy 
conversion ratio from plant material to useful energy (5:1), the above calculations 
imply that if all energy used in the world were to be provided by land (e.g. in the form 
of biofuels), it would take almost all of the agricultural land, leaving almost no 
agricultural land for food crops .^
Table 6.11 Solar energy input rate
Per unit of global surface To the planet
W m ^ J yr^ J yr^ planet^ W planet^
Solar Constant 1,367
Earth’s Atmosphere 342 10.8 * 10^ 5.5 * 10^ ^ 174 * 10*^
Earth’s Surface 171 5.4 * 10" 2.8 * lO^ '* 87 * 10‘^
The above analysis makes clear that the prospects for the productivity of managed 
and natural ecosystems are limited by the global energy input from the sun to the
 ^ 1 Gigahectare (Gha) = 1 billion ha (10^ ha) = 10 million km  ^(10*  ^m )^
 ^Assuming that 1 tC = 35GJ (Smil, 2008)
 ^5,500*29.4%* 1/3 *1%*20% = 1.08 (parameters: amount o f times that:
- the current global energy use reaches the planet surface as solar radiation from sun;
- energy from the sun reaches land;
- energy reaching land reaches agricultural land;
- solar energy reaching agricultural land which is converted by plants (photosynthetic efficiency); and
- biomass energy which is converted by machines (technology conversion efficiency);
- resulting in the amount o f times the current energy demand could be produced from all o f the current 
agricultural land.
This means that, if  we were to meet all the planet population’s use o f energy from land (from e.g. 
biofuel crops), around 4.6 Gha or 93% o f the current agricultural land would be needed!
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Earth, the total amount of land on the Earth and, finally, the conversion efficiency of 
plants (primary producers). The laws of thermodynamics imply that energy 
transformations after photosysnthesis, and along the supply or food chains, reduce the 
net energy yield from land (due to the accumulation of less-than-1 0 0 % energy 
conversion efficiencies). This emphasises the limits to both dietary choices (e.g. meat, 
see Section 6 .1.1.1.5) and to liquid biofuels (e.g. biodiesel from annual crops), both 
of which are characterised by low net energy yields.
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6.2 Appendices to Chapter II
6.2.1 Land and other material cycles
6.2.1.1 Land and the Global Methane Cycle
Methane (CH4) concentrations in the atmosphere have increased from 715 ppbv in 
pre-industrial times to 1,774 ppbv, i.e. by 148%. Despite its relatively short half-life 
of 7 years (and a lifetime of 12 years), this gas contributes to almost 20% of the total 
radiative forcing of long-lived GHGs (see Box 2.2). Its proper management, 
therefore, is of considerable importance to climate change mitigation. As this gas in 
only produced under anaerobic conditions, wetlands account for 70% of the naturally- 
produced CH4 (Chapin et a l, 2002). Anthropogenic sources are 60% of total CH4 
emissions, leading to its sharp concentration increase: however, only 1 0 % of the 
annual anthropogenic flux accumulates in the atmosphere (Chapin et a l, 2002; 
Forster, 2007).
Table 6.12 shows the sources and sinks of methane. An additional reservoir stock of 
70 Mt of methane exists in the anthoposphere. Many anthropogenic sources and land 
use related: waste management, fermentation by cattle, biomass burning, rice paddies.
6.2.1.2 Land and the Global Nitrogen Cycle
One other major biogeo chemical cycle that is dramatically affected by the human 
species is the cycle of nitrogen. The produetivity of ecosystems is largely determined 
by the availability of nitrogen. As opposed to carbon, most of the global nitrogen 
(-90%) is contained within a single pool -  the atmosphere -  where it accounts for 
78% of its volume. This nitrogen is not available to most organisms. The major 
pathway by which it becomes biologically active involves its fixation by bacteria in 
both terrestrial and aquatic ecosystems (e.g. symbiotic bacteria Rhyzobium spp.). 
Figure 6.30 shows that, despite the uncertainty in estimating (Chapin et a l, 2002), 
marine ecosystems fix around 100 Tg yr'\ whereas terrestrial ecosystems fix around 
140 Tg yr"\ Another contrast between the nitrogen and the carbon cycles is that the 
former cycles tightly within ecosystems, with the yearly throughput being around ten 
times as much as inputs within terrestrial ecosystems and eighty times as much within 
aquatic ecosystems (Chapin et a l, 2002). Dénitrification is the major pathway of
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nitrogen to the atmosphere. The disruption of the nitrogen cycle by human activities 
is significant, through the production of fertiliser, planting of nitrogen-fixing crops 
(legumes -  beans, alfalfa, peas), and combustion of fossil fuels. Indeed, (Chapin et 
a l, 2 0 0 2 ) estimate that in the past century human activities doubled the quantity of 
nitrogen cycling between the atmosphere and terrestrial ecosystems, as anthropogenic 
rates of conversion of inert N2 into its reactive forms equals that of natural processes. 
This is partly due to the planting of nitrogen-fixing erops (40 Tg yr'\ or around 30% 
of total biological fixation), but mainly due to the production of fertiliser through the 
Haber process of using energy from fossil fuels to convert N2 to ammonia gas (NH3). 
Despite the larger magnitude of biological fixation, most of it occurs naturally.
et al., 2002)
Methane sources and sinks Annual flux 
(Mt* or 
T sC H ^ y rb
Natural sources 160
Wetlands 115
Termites and ruminants 20
Ocean sediments 10
Fresh-water sediments 5
Geological sources 10
Anthropogenic sources 375
Fossil-fuel use 100
Waste management 90
Fermentation by cattle 85
Biomass burning 40
Rice paddies 60
Total sources 535
Sinks -515
Reaction with OH -445
Removal in stratosphere - 40
Removal by soils - 30
Atmospheric increase 30
*Megatonne (10 g)
In addition to the fixation of N2 from the atmosphere, humans are also responsible for 
the emission of nitrogen trace gases to the atmosphere. These include NOx, N2O, NO2 
and NH3. Despite their relatively small magnitude, their role in atmospheric chemistry 
is significant. N2O, for example, is responsible for 6 % of the total radiative forcing 
(Forster, 2007) and is around 300 times more potent than CO2 during an 1 0 0 -year 
period after the emission (Forster, 2007). N2 0 ’s major natural sources are the 
nitrification and dénitrification in oceans and tropical soils. Its flux to the atmosphere 
has doubled due to anthropogenic activities (agrieultural fertilisation, cattle and
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feedlots, biomass burning, and various industrial sources (Chapin et a l, 2002). Its fate 
in the stratosphere results in the destruction of stratospheric ozone (Chapin et a l, 
2002). Nitric oxide (NO) does not accumulate in the atmosphere, like N2O, but is 
highly reactive and alters the atmospheric chemistry and acts as a precursor to the 
photochemical production of tropospheric ozone (O3) (Chapin et a l, 2002).
Nitric oxide, in addition, indirectly affects the concentration of many other gases in 
the atmosphere (Chapin et a l, 2002).
Human activities have also been responsible for the three-fold increase in the 
ammonia flux from terrestrial ecosystems to the atmosphere. Anthropogenic sources 
of ammonia include domestic animals, agricultural fertilisation, biomass burning, and 
human sewage. Agricultural activities account for 60% of this flux (Chapin et a l, 
2002). Because the ammonia emitted to the atmosphere returns to the global surface 
in the form of precipitation, it leads to acidification. Ammonia also leads to 
eutrophication.
The combustion of fossil fiiels has increased NOx flux to the atmosphere by six or 
seven times (Chapin et a l, 2002).
Many ecosystem processes are affected by the deposition of nitrogen. Indeed, in non- 
tropieal biomes, the accumulation of nitrogen in soils and vegetation may lead to 
increased carbon sequestration potential in vegetation (Chapin et a l, 2002). However, 
there is a limited amount of nitrogen that ecosystems can absorb before they reach a 
saturation point. When this threshold is achieved, excess nitrogen is transferred to the 
atmosphere and water, and these losses are exactly what human activities have been 
increasing (Chapin et a l, 2002), which leads, among other things, to eutrophication -  
a condition characterised by low oxygen levels that restrict life in water ecosystems.
Similar overviews of land and the global phosphorus, sulphur and water cycles are 
provided in Section 6.1.3 of the Appendix.
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Figure 6.30 The Global Nitrogen Cycle (Chapin et al., 2002)
6.2.1.3 Biogeochemical cycles and plant nutrition
Both ecological processes and human activities play major roles in most 
biogeochemical cycles (Chapin et a l, 2002). Anthropogenic interference on them is 
essentially by forcing larger/faster cycling rates (throughput) and by appropriation of 
significant proportions in the anthropospheric stock.
Biogeochemicals are essential nutrients to plant production. Plants require at least 16 
essential elements (Moore et a l, 1998) (see Table 6.13 and Table 6.14). Carbon (C), 
hydrogen (H), oxygen (O), nitrogen (N), phosphorus (P), potassium (K), sulphur (S), 
calcium (Ca) and magnesium (Mg) are known as macronutrients since they are 
required in relatively large amounts (i.e. usually more than 0.5% of the plant’s dry
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weight) (Moore et a l, 1998). Seven other elements, known as micronutrients or trace 
elements, are also essential to plant growth. These are: iron (Fe), chlorine (Cl), copper 
(Cu), manganese (Mn), zinc (Zn), molybdenum (Mo), and boron (B). Because these 
nutrients are required in relatively small amounts (i.e. a few parts per million), they 
will not be considered further. Altogether, carbon, hydrogen and oxygen account for 
96% of the total weight of the plants, whereas macro- and micronutrients account for
3.5 and 0.5%, respectively (Moore et a l, 1998). Despite their unequal share in plant 
tissue, they are equally important to plants (Moore et a l, 1998).
Despite the diverse functions of essential elements, they can be grouped into four 
general categories (Moore et a l, 1998):
1. Those that are parts of structural units:
Carbon, hydrogen and oxygen make up carbohydrates, such as cellulose; 
Nitrogen is an integral part of proteins.
2. Those that are parts of compounds involved in metabolism:
Magnesium is part of chlorophyll, and phosphorus is part of ATP and nucleic 
acids.
3. Those that activate or inhibit enzymes:
Enzymes, such as those responsible for synthesising hormones, can be 
stimulated (e.g. respiratory enzymes by magnesium) or inhibited (by e.g. 
calcium).
4. Those that alter the osmotic potential of a cell:
For example, the opening and closing of stomata is caused by osmotic changes 
that are regulated by the movement of potassium into and out of the guard 
cells.
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6.2.1.4 Land and the Global Phosphorus Cycle
Phosphorous differs from all the other major biogeochemical cycles in that it has a 
very little gaseous component and has no biotic pathway that brings new phosphorus 
into ecosystems (Chapin et al., 2002). The mobility of Phosphorus has been enhanced 
and its natural cycling has been altered by human activities, such as agricultural 
fertilisation, overgrazing and higher wind- and water-erosion rates caused by land-use 
change (Chapin et al., 2002). Figure 6.2.31 shows that the double of the amount of P 
fertilised to crops is lost from terrestrial ecosystems. The availability of Phosphorus 
(an essential nutrient to pants) in a usable (non-dissipated) form is, therefore, a 
concern for the adequate supply to crops in the future. The current application of 
phosphorus to agroecosystems is 20 to 30% of that which cycles through all terrestrial 
ecosystems (Chapin et al., 2002). Given that over one-quarter of P reserves have 
already been depleted and the estimation of peak production by 2034, current global 
reserves may be depleted in 50-100 years (Cordell et al., 2009).
The Global Phosphorus Cycle
Dust
P fertiliser to crops
60 18 Dust
60
200,000
SoilsOceans
93,070
M ineable P
3,212
-854
Vegetation
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Atm osphere 0.028
Surface sediments
4 ,000 ,000 ,000
Flows [Teragram s per year] 
Stocks [Teragrams]
Figure 6.2.31 The Global Phosphorus Cycle (Chapin et ah, 2002)
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6.2.1.5 Land and the Global Sulphur Cycle
The cycle if sulphur (S) shares characteristics with the cycles of N and P. Like the N 
cycle, the S cycle has a significant atmospheric component, despite its relatively low 
concentration (Chapin et al., 2002). Like P, S reservoirs are primarily in rocks, 
sediments and seawater. Human activities (mining) have doubled the fluxes of S to 
the environment (Chapin et al., 2002). Emissions of sulphur to the atmosphere, 
combined with its short residence time, are the cause of acid rain. The sulfate aerosols 
formed in the atmosphere have direct and indirect effects with the Earth’s energy 
budget (Chapin et ah, 2002). Around 100 Gt yr-1 is transferred to the atmosphere and 
oceans (see Figure 6.2.32) as a result of human activities, which increases the natural 
cycling rate by 50% (Chapin et al., 2002). The main human activities disrupting the S 
cycle are combustion of fossil fuels, ore refining, farming, animal husbandry, and 
erosion. Volcanic emission from sulphur dioxide have been responsible for climate 
variation. Because these aerosols reflect incoming shortwave radiation, their negative 
radiative forcing is thought to be around -0.3 W m-2 (Forster, 2007).
T h e  G lobal S u lp h u rC y c le
A tm o sp h ere
180
V egetation
Industry
1,500
SoilsO c e a n s 150 150
Mining
300,0001,300,000,030
S ed im e n ta ry  rocks
10 ,20 0 ,000.000
Flow s [T e ra g ra m s p e ry e a r]  
S to ck s  [T erag  rams]
Figure 6.2.32 The Global Sulphur Cycle (Chapin et al., 2002)
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6.2.1.6 Land and the Global Water Cycle
Figure 6.2.33 shows where the stocks (boxes) of water in the world exist, as well as 
the flows (arrows) between the different stocks. Most of the water on the Earth is in 
oceans (96.5%). Ice caps and glaciers account for 2.4%, groundwater for 1% and soil 
water 0.01%. Although the latter represents an overall insignificant fraction of the 
Earth’s water, it is accessible to plants and available to support the activities of 
terrestrial organisms (Chapin et a l, 2002). Thus, despite the large amount of water in 
the globe, only a small fraction (around 3%) is freshwater, which highlights the 
importance of sustainable management of freshwater resources. Like land, the 
allocation of water among competing uses requires robust tools in order to achieve 
important goals, such as food security, access to safe drinking water and sanitation 
and environmental sustainability.
Most of the water that evaporates from the oceans returns to the oceans, but almost 
10% of it (or some 40,000 km )^ returns to terrestrial ecosystems as precipitation, 
representing one-third of the total terrestrial precipitation (Chapin et a l, 2002). A 
similar amount is discharged onto oceans from terrestrial ecosystems. Despite the 
high variance in évapotranspiration rates of different terrestrial ecosystems, a 
disproportionately low amount of water is evaporated from terrestrial ecosystems 
(15%, despite their 30% share in the total global surface), indicating that oceans 
transpiration rates are twice as large as those from land per unit surface. The quantity 
of water in the atmosphere is only 2 .6 % of that which annually cycles through the 
atmosphere (around half-a-million km )^, resulting in a turnover time of around 1 0  
days. Conversely, soil water has a turnover time of around one year, which makes soil 
moisture sensitive to variations in precipitation and évapotranspiration (Chapin et a l, 
2002).
The main anthropogenic changes to this cycle are due to the inflicted change in 
climate and the energy budget. The increase in global temperatures has resulted in 
increased évapotranspiration and precipitation rates. Land-use changes (e.g. tropical 
deforestation) disrupt the water cycling by altering the quantity of energy absorbed, 
the pathway of energy loss, and the moisture content and temperature of the 
atmosphere. Despite its importance to life-support in terrestrial ecosystems, only 
0.01% of the global water is present in soils. It is exactly upon these small and 
vulnerable pools of the global water cycle that all life in terrestrial ecosystems
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depends on. For example, erop production that sustains human life is dependent on 
soil water. Hence, the availability and access of the growing human population to 
fresh water resources is a concern that equals global warming.
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Figure 6.2.33 The Global Water Cycle
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6.2.2 Ecosystem services
Box 6.2.1 Ecosystem Services (Millennium Ecosystem Assessment, 2005)
Erosv'stsn sen/icss are the tensfite people 
obtain frcoi ercsystems. These irciLde provv 
sisnirg. reaiiatirg, and cultLral ser.ices thart 
drectlÿ affect pecple arc! the SLppcf tinp, ser- 
'/ices needed to mantain other services lCF2/. 
f/sHf :f It» services listed here are ftiahh»' inter- 
Ijnlsd. (Prrnaf/ prodLctisr. pt>ptosyntheais. 
PLtrent ry:6rg, and water o'cjrg, Isrejcan-pte, 
all invplve difierert aspects oi the san-e bidogi 
cal processes.)
Provisioning Serv ices
These are the products obtained Frnm eccsys
ten s, ircludrg:
Füod. This includes the vast rarge of food 
products derhed from plants, animals, and 
microbes.
fiber. Materials n : faded here are wpod, jule, 
cottsn, hemp, silk, and wcol.
fuel. Weed, dung, and ether bdbpicai materi­
als ser.e  as sources of energy.
Gei-etiic resources. This includes the genes 
and genetic inforrriatipr. used for animai and 
plant breedrg and botechnclogy.
Biocheimicals. natu'^aûTiedeines. pharme 
ceuticav's. Mary medcines, bbcides. fond addi 
ti-.es such as alginates, and bidcrgical nater^s  
are deriv-ed frcn ec csysterrs.
Dma-nental resources. Anirrial and plant prcd 
ucts. such as skins, shels. and ffo-Aers, are 
used as cmaments, and Ahole plants are used 
for landscapng and ornaments.
.fresh Mrec People obtain fresh water frcm 
e: csystems and thus the supply sf fresh water 
can be considered a provisimng ser.ice.
Fresh water in rivers is also a scurce sf energy. 
Because water is required for other Ife tp e^ist, 
hoAe.er, it could als-o te  consdered a sijpport- 
ingser/ice.
Regulating Services
These are the benefits obtaned frcn the
regJabon cf ecosystem processes, including:
AiT cuaitv negü'auüi. Ecosv'stens both 
congbute chencals bo and exhact chemnais 
from the atmosphere, inffuercing m&any aspects 
oi air quality.
Ciimare regulat/or'. Eccsystemrs hftuence cli 
nate t>oth Iccaltv and globally. .At a local sc ale, 
for example, changes in land ca.er can affect 
tooth temperature and pre<; prtabon. At the glcbel 
sc^e, eccsystem s plav an important rod in
climate hy either sequesterhg or emitting greer- 
hcuse gases.
y/ater rsga'atisn. The bnsng .a>d magnitucte 
cf ruroif, ffocdmg, and aquifer recharge can be 
strongly influenced by changes h land cc .er, 
snibding, in particular, alterations that change 
the water storage potenbal of the sv-sten, such 
as the ccnversicn cf iwtlands tr the replace 
ment cf forests 'with crcplands or crcplands 'with 
urban areas.
£rcSibil .regü'atiort. Vegetatr/e cq/a' plays an 
important role in sol retertion and the preven 
ben ci landslides.
y/ate.f pu'iTicalion and'waste îreatmeit.
Ec csystems can, be a sa x c e  oi inpuribes (for 
hstance, in fresh 'waterl but aisc can help filter 
cut and decompose crganic wastes intnoduced 
hto inland 'waters and coastal and mtanne 
ecosystems and can assimdate and detoxify 
compounds thrcygh scil and subsol prccesses.
Dissass ragL'latio/i. Changes in eccsystemiscan 
drectfy change the abundance cf h n a n  patho­
gens. such as cholera, and can alter the abun 
dance oi dsease vectcrs, such as mosquitoes.
Fbsi regulatibio. Eccsystem charges affect 
the prevalence oi crop and livestock pests 
and diseases.
rb'i’nar.icn. Eccs',stemi changes affect the 
dislnbuticn, abundance, and efiectr.eness 
cf polinatcrs.
i\acj%i .hazar^ j reguiapo.n. The presence cf 
coastal eccsystemis such as mangroves and 
coral reefs can reduce the damage caused by 
hurrcanes or large wa,es.
Cultural Serv ices
These are the ncnmaterial benefits people obtain 
frcm ecos'rsteme through sprrbu  ^emchr-enl 
cognitr.e devebpmenL refecbcn, recreabcn. and 
aesthetic experiences, hcludng:
Cutunal diVensihr. The dhersih of ecosv*stems 
is ere factor influencing the dr.ersib, cf culfjes.
Spniiua' and .reVglous '/aiues. Mary religicns 
attach spiritual and reHgicus yal.es tc ecc sys­
tems or their comipcnents.
Ainow.'edge systems Itraditional and formiall 
Eccsystems inftence the b,pes of knowledge 
systems develcped by dfferert cdtures.
EcLcational va les. Ecos'f-stems and their com  
pcrents and processes prc/i-ie the basis for both 
formal and informal educ aticr in, many secedes, 
ibspt'aticn. Ecosystems provide a rich source
of hspiraticn for art, iclklore, nabonal svtmbols, 
architecture, and advertising.
Aesthete vales, fvlany pecgte find beautry or 
esthetic value in'various aspects of ecosystems, 
as reflected in the support icr paik.s. scenic 
dnves, and the selecticn cf hcushg locations.
5o:,al relations. Eccsystems hfLence the 
types of social relabcns that are estabished in 
parbcular cultures. Fishhg sociétés, for examp'e, 
diifer in many respects h  their social relations 
inomi nomad 1: herdhg or agricultural scciebes.
Sense cf place. Nbny people value the '^ense 
of place" that is associated 'with reccgnired fea­
tures of their envtrcnmef t. hcludng aspects of 
the ecosystem.
CiUlLi%i -heritage v a les . Many societies place 
hgh 'value on the mantenance of either his- 
tcfically important landscapes fcuhural land 
scapes"! cr culturally significant species.
fiecreaupT and ecctounsmu Pecbe often 
chocse rthere tc spend their tesure time based in 
part on the characteristics cf the natural cr cJb- 
vated lardscaDSS in a parbcular area.
Supporting S erv ices  
Si.pporbng ser'/lces are those that are neces- 
sary for the production of al other ecosystem  
services. They differ frcm pnovisicring, regulat­
ing, and cultural services h  that their impacts 
on peopte are cften bdrect cr occur over a very 
long bme, whereas charyges in the other c atego  
ries have reladvafy drect and short-termi impacts 
on peopfei. (Seme ser,ices, I lie ercfSicn régula 
tier, can be categ?orired as both a ssjoporbng 
and a regulating service, depending cn the tm e  
■s>cale and immediacy ci their impact cn people. I 
These ser'/lces include:
Scvi Formation. Because mvsny prc.islonhg 
services depend cn scil ferblrty. the rate of 
■soS formation influences human wellbeing in 
many'ways.
P.hstcsymchesis. Phctcsynthesis produces 
oxvtgen necess-any for rfost Iving crpansms.
P'-.tnan' Production. The assniadcn cr accu 
mulabcn of energy and nutnems by organsms.
I'Ajbienc c /c lrg . .Apprcximvately 20  nutrents 
essenbal 1er life, includng nitrogen and phos 
phcnus, c'ficle through ecos',stem s and are main 
tained at dfierert concentnabcns in différent 
parts oi ec csystems.
Wate' cycAmg. Water cycles thnough ec csys­
tems and is essenbal 1er living organisms.
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6.3 Appendices to Chapter III
6.3.1 Allocation
A methodological allocation problem arises when a process is multifunctional; i.e. it 
fulfils one or more functions for the product life cycle investigated and a different 
function, or set of functions, for other products (Ekvall and Finnveden, 2001). 
Allocation, which the ISO 14040 standards (ISO, 2006) define as “partitioning the 
input or output flows of a process to the product system under study”, of the 
environmental load (i.e. raw materials and emissions) is needed to show what share of 
the environmental impact should be attributed to each product or function.
Land-use systems are characterised by multifunctionality: for example, crop 
production and animal rearing share some common processes, such as those related to 
manure management (as both a way of disposing waste and of providing crop 
nutrients) and grass cultivation (which provides a break in the cop rotation for 
nutrient build-up and is used as animal feed). Although integrated management of 
resources makes good use of synergies, its modelling presents problems in terms of 
allocation when each product is to be assessed separately.
There are three main types of process in which allocation problems arise: multiple 
outputs, multiple inputs and open-loop recycling (Baumann and Tillman, 2004; ISO, 
2006).
Multi-output (Figure 6.2), also known as co-production, refers to the case where a 
process delivers more than one product so that the impacts need to be allocated 
between the different products. Within this category, and following the distinction by 
Weidema (2001), two different types of multifunctional production can be 
differentiated: joint production and combined production. The former refers to the 
case where the outputs of the co-products are in a constant ratio, whereas the latter 
refers to the case where the outputs of the co-products can be varied independently. 
Examples of the former include meat, manure and milk production; and cereals and 
straw. Examples of the latter include protected crops, intercropped crops and crop 
rotation, as well as different species of livestock grazing in a particular field if their 
numbers are at non-competing levels.
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Multi-input (Figure 6.3) refers to cases where more than one stream passes through a 
process (or sub-system) so that the environmental loads from operation of the process 
must be allocated between the systems associated with those inputs. Examples 
include biowaste treatment, transport, and refrigeration.
If an output is used as an input in the same system, the practice is called closed-loop 
recycling (Figure 6.4) and should not present allocation problems as no other product 
system is involved. However, when an output is used as an input to another system, 
this is termed open-loop recycling and an allocation problem emerges. Examples 
include manure used as fertiliser in crop production.
Emissions
Ancillarie
s
Inputs
Process
Product A
Product B
Figure 6.2 Schematic diagram of a multi-output process
Emissions
Product A ^
Product B ^
Process Inputs
Figure 6.3 Schematic diagram of a multi-input process
298
Process 3
Process 1
Process 2:
Recycling
Inputs
Inputs-
Emissions
Product A
Inputs
Emissions
 ^ Product B
Figure 6.4 Schematic diagram o f open loop recycling
The ISO 14041 standard (ISO, 1998, 2006) stipulates three principles with regards to 
allocation:
• Before allocation, all the activities shared between product systems must be 
identified;
• All environmental loads must be allocated among products (100% rule);
• Sensitivity analysis should be carried out to guide final selection of allocation 
procedure, particularly when different procedures are potentially applicable.
ISO 14041 recommends the following approach for allocation in multifunction
processes (ISO, 1998, 2006):
1. Allocation should be avoided, wherever possible, either through subdivision of the 
multifiinctional process into subproeesses or through expansion of the systems 
investigated until the same functions are delivered by all systems compared.
2. Where allocation cannot be avoided, the inputs and outputs should be partitioned 
between its different products or functions in a way which reflects the physical 
relationship between them.
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3. Where such physical causal relationship alone cannot be used as the basis for the 
allocation, the allocation should reflect other relationships between environmental 
burdens and the functions, such as economic relationships.
Although the above and other LCA guidelines are useful and applicable to many 
situations, it is important to note that they may be too prescriptive for universal 
application, because the allocation method to be chosen depends heavily on the type 
of LCA to be performed and on the goal and scope of the study (Baumann and 
Tillman, 2004). It is also important to note that very different results can result from 
the different allocation methods. This is why a sensitivity analysis is recommended, 
particularly when it is not obvious which method is most appropriate. Even though 
there are case-studies in the literature where allocation problems have been reduced 
through subdivision of multifunction process, it is very rare that the problem can be 
totally eliminated. Although it may be considered too complex or resource intensive 
in specific applications (Baumann and Tillman, 2004; ISO, 1998), system expansion 
is widely regarded as the best approach for multifunctional systems (e.g. Weidema, 
2000).
System expansion relies on identifying an alternative way of producing one of the 
functions of the system under study. This method avoids allocation because all the 
environmental load of the multifunctional process is ascribed to the product under 
study, but the environmental burdens avoided in the alternative production method 
are credited to the product under study (Baumann and Tillman, 2004). For example, 
an animal production system can be credited for the associated production of manure 
to the extent that the use of manure really does displace the use of synthetic fertilisers 
(Reijnders and Huijbregts, 2005) (see Figure 6.5).
Other examples where allocation problems arise include combined meat and dairy 
systems (Cederberg and Stadig, 2003), crop rotations (van Zeijst et a l, 1999), use of 
inorganic fertilisers, use of green manures and leguminous leys, use of compost and 
lime, use of machinery and buildings (including refrigeration and transport).
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I avoided process product
Fertiliser
Figure 6.5 Schematic diagram showing system expansion
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6.3.2 Computable general equilibrium
CGE models are fundamentally general equilibrium (static) models and their time 
frame is the time required to reach equilibrium, although dynamic adjustments may 
be introduced with periodical updates.
They consist of a system of equations describing model variables (the number of 
equations equals the number of endogenous variables), which are exactly identified, 
and an economy-wide (or sometimes even world-wide) database (input-output table 
or social accounting matrix) consistent with the model equations (i.e. elasticities). 
Despite the many (and sometimes unrealistic) assumptions built in CGEs that may 
limit the usefulness of these models, most CGE models conform only loosely to the 
theoretical general equilibrium paradigm, as they allow for:
• non-market clearing, especially for labours (unemployment) or for 
commodities (inventories)
• imperfect competition (e.g. monopoly pricing)
• demands not influenced by price (e.g. government demands)
• a range of taxes
• externalities, such as pollution
In addition, there is a frequent misconception that CGEs assume that markets are 
perfect. Indeed, there are various ways of dealing with market imperfections in CGEs 
by including price bands, transaction costs, missing markets, imperfect competition 
and structural rigidities. It is also possible to build in economies of scale although it 
has been common to assume constant returns to scale in CGE models.
CGE models typically include the following functions:
• constant elasticity of substitution production function (its setting is flexible)
• Armington functions (as imported goods are not perfect substitutes for 
domestically-produced goods)
• aggregation functions (composite commodities)
• expenditure elasticities
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The behaviour of CGE models crucially depends on “closure rules”. These are macro 
constraints (exogenous variables) that have to be taken into account: balance of 
payments, savings and investment balance, government budget, labour market closure 
(plus other factors).
All accounts are endogenous and must be in equilibrium. Price considerations 
(endogenous and exogenous) are included. CGE models can handle price variation 
and supply and demand responses and general equilibrium effects of price changes, 
and were first developed for analysis at macro level, e.g. to predict changes from 
effects of foreign shocks and changes in economic policies.
The origin of CGEs goes back to 1960 but, due to lack of practical computer 
algorithms for solving walrasian general equilibrium systems, only in the 1970s did 
they become used. They descend from the input-output models pioneered by Wassily 
Leontief, but assign a greater importance to the role of prices.
The advantage of using CGEs is that it is possible to separate/eliminate disturbing 
effects. In addition, CGEs can capture general equilibrium effects (including direct 
and indirect effects), and can also separate out policy effects from random 
disturbances, as well as experimenting with different scenarios (with ceteris paribus 
assumptions).
There are static and dynamic types of CGE models. The comparative-static type 
models the reactions of the economy at only one point in time. For policy analysis, 
results show the difference (usually reported in percent change form) between two 
alternative future states (with and without the policy shock). The process of 
adjustment to the new equilibrium is not explicitly represented in such a model. By 
contrast, the dynamic models explicitly trace each variable through time. These 
models are more realistic (but also more uncertain), but more challenging to construct 
and solve (as they require prediction of future changes for all exogenous variables, 
not just those affected by a possible policy change). Recursive-dynamic CGE models 
consist of a sequence of static CGEs where the exogenous variables are updated 
before a new general equilibrium is projected.
303
6.3.3 Soil organic matter, carbon and soil functions
In addition to influencing soil texture and soil structure, which together determine the 
general productivity of cropping systems by influeneing the availability of nutrients, 
SOM is also important for the CO2 balance between agroecosystems and the 
atmosphere (Christensen and Johnston, 1997); see Figure 6.6.
Crop type 
and cultivar
CO2 balanceSoil tillage
Texture, 
Structure and 
SOM
Productivity of 
Cropping System
Crop
protection
Mineral
fertilisers Soil Erosion
Manure, 
compost and 
residues
Figure 6.6 Soil properties depend on soil management and influence other conditions.
Before the invention and use of synthetic fertilisers, SOM was at the core of soil 
fertility for biomass production, which is still the case for low-input agriculture, 
forestry and organic/ecological agriculture (Van-Camp et al, 2004). Because SOM 
affects, either directly or indirectly, most of the chemieal, physical and biological 
properties of soil, it is thought to be a good measure of soil quality, since its presence 
determines the conditions necessary for such functions and, due to its slow changes, it 
also eaptures the resilience of the eeosystem. The anthropogenie causes of SOM loss 
include land conversion, tillage, overgrazing, soil erosion, and forest fires (Van-Camp 
et al, 2004).
Long-term experiments at Askov (Denmark) and Rothamsted (England), from 1894 
and 1843, respectively, showed the influence of land use and soil management on the 
quantity of SOM and its change over time (Christensen and Johnston, 1997). This, in 
turn, influences soil quality. However, not only the quantity of SOM is important for 
soil quality but also its quality, whieh is defined “in terms of bioavailability of carbon 
to decomposer populations and mineralizability of organically bound plant nutrients, 
and by the chemical nature (composition, reactivity, and mobility) of SOM. Soil biota 
also relates to the quality of SOM” (Christensen and Johnston, 1997).
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These long-term experiments have shown that SOM has a signifieant impact on 
yields. Indeed, “irrespective of the amount of N applied, yields .... were larger on 
soils with extra SOM resulting from applications of FYM since 1843” (Christensen 
and Johnston, 1997). The mechanisms through which SOM can affect the yield of 
arable crops include nutrient release, improved soil strueture, and improved water- 
holding eapacity, “but these cannot be readily separated and quantified” (Christensen 
and Johnston, 1997), whieh indicates that soil quality is an emergent property of the 
whole system. The role of SOM in soil fertility can be summarised as (Mila i Canals 
et al, 2007b):
• Physical fertility: soil structure (formation of aggregates) allowing for root 
penetration; contribution to erosion resistanee and land stability; reduction of 
susceptibility to compaction; and soil aeration;
• Chemical fertility: nutrient pool; nutrient protection (cation exchange capacity 
(CEC) holds nutrients avoiding their loss through leaching); pH control (buffer 
capaeity); and plant growth regulation; and
• Biological fertility: enhancing soil biota (food source); nutrient cycling 
(degradation eapacity and nutrient availability); and microbial activity
SOM is recognised as the best stand-alone indicator for soil quality, despite not 
representing all aspects of soil functions (Milà i Canals et al, 2007b). As an indicator, 
SOM has been widely used outside the LCA methodology. Indeed, SOM is probably 
the most cited indicator of soil quality in soil science (Milà i Canals et a l, 2007a; 
Milà i Canals et al, 2007b). The reason for this is that it influences a wide range of 
soil properties (e.g. Brussaard et al, 2007) as identified above (see Figure 6.7). The 
value of this indicator lies in the fact that it is closely related to other soil quality 
indicators.
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Figure 6.7 Soil Organic Carbon impact on soil and environmental quality (Manlay et a l ,  2007).
SOM is best measured as SOC, according to Reeves (1997). SOM content is 
measured as density of SOC, and SOC is usually considered to be 58% of SOM, 
giving a conversion factor of 1.72:1 (SOM:SOC) (Brady and Weil, 1999).
The amount of SOC varies according to soil type and biome (see Section 2.3.1 in 
Chapter II). Indeed, according to Watson et ah (2001), there is a strong positive 
correlation between land use intensity and SOC. Natural ecosystems, such as peats, 
bogs and grasslands have a higher SOC than semi-natural ecosystems (e.g. pastures, 
forest plantations and woodlands) and agricultural land has one of the lowest levels of 
SOC (IPCC, 2003). Within this last category, perennial crops show higher SOC levels 
than land under annual crops. Tillage, in particular, accelerates the 
oxidation/mineralisation of SOC. In more intensive uses, such as building, mining or 
transport infrastructures, soil is removed or sealed, and it can thus be argued that SOC 
has effectively disappeared.
The impact is measured as a carbon deficit (or credit, expressed by negative values) 
with the unit ‘kg C-year’, referring to the amount of extra carbon temporarily present 
in or absent from the soil compared to a reference system (Milà i Canals et al, 
2007b).
However, not all aspects of soil quality are captured by the SOM indicator (Milà i 
Canals, 2003; Milà i Canals et al, 2007b). These include build-up of toxic substances, 
acidification and salinisation. In addition, SOM is highly location-dependent, which 
affects its practical use since spatially differentiated soil databases are only now
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emerging. In addition, its use for non-agricultural/forestry land-uses may be of limited 
value. Nonetheless, for the reasons mentioned above, the author argues that SOM is a 
promising indicator due to its close relationship with soil functions. In terms of 
applicability, the existence of several soil carbon databases at different regional scales 
(e.g. by CTCD, DEFRA, IBS, IPCC, HWSD) and models (e.g. RothC, Century, 
Daisy, GEFSOC, SDGVM) allow the operationalisation of this method.
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6.3.4 Characterisation Factors (CFs)
Table 6.3.1 CFs for carbon storage / delayed emissions ( 1 1C)
1 tonne C Extended Lashof Extended Moura-Costa
Years in 
storage
Savings (Carbon 
tonne-years)
Fractional
Savings
GWPlOO 
(t COz-eq)
Savings (Carbon 
tonne-years)
Fractional
Savings
GWPlOO 
(t COz-eq)
1 0.4 0.8% 3.64 1 2% 3.59
2 0.7 1.5% 3.61 2 4% 3.51
3 1.1 2.3% 3.58 3 6% 3.44
4 1.5 3.1% 3.55 4 8% 3.36
5 1.8 3.8% 3.53 5 10% 3.28
6 2.2 4.6% 3.50 6 13% 3.21
7 2.6 5.4% 3.47 7 15% 3.13
8 2.9 6.1% 3.44 8 17% 3.05
9 3.3 6.9% 3.41 9 19% 2.98
10 3.7 7.7% 3.38 10 21% 2.90
11 4.1 8.5% 3.36 11 23% 2.82
12 4.4 9.3% 3.33 12 25% 2.75
13 4.8 10.1% 3.30 13 27% 2.67
14 5.2 10.8% 3.27 14 29% 2.59
15 5.6 11.6% 3.24 15 31% 2.52
16 5.9 12.4% 3.21 16 33% 2.44
17 6.3 13.2% 3.18 17 36% 2.36
18 6.7 14.0% 3.15 18 38% 2.29
19 7.1 14.8% 3.12 19 40% 2.21
20 7.5 15.6% 3.09 20 42% 2.13
21 7.9 16.4% 3.06 21 44% 2.06
22 8.2 17.2% 3.03 22 46% 1.98
23 8.6 18.1% 3.00 23 48% 1.90
24 9.0 18.9% 2.97 24 50% 1.83
25 9.4 19.7% 2.94 25 52% 1.75
26 9.8 20.5% 2.91 26 54% 1.67
27 10.2 21.3% 2.88 27 56% 1.60
28 10.6 22.1% 2.85 28 59% 1.52
29 11.0 23.0% 2.82 29 61% 1.44
30 11.4 23.8% 2.79 30 63% 1.37
31 11.8 24.6% 2.76 31 65% 1.29
32 12.2 25.5% 2.73 32 67% 1.21
33 12.6 26.3% 2.70 33 69% 1.14
34 13.0 27.2% 2.67 34 71% 1.06
35 13.4 28.0% 2.64 35 73% 0.98
36 13.8 28.8% 2.61 36 75% 0.91
37 14.2 29.7% 2.58 37 77% 0.83
38 14.6 30.6% 2.55 38 79% 0.75
39 15.0 31.4% 2.51 39 82% 0.68
40 15.4 32.3% 2.48 40 84% 0.60
41 15.8 33.1% 2.45 41 86% 0.52
42 16.3 34.0% 2.42 42 88% 0.45
43 16.7 34.9% 2.39 43 90% 0.37
44 17.1 35.8% 2.36 44 92% 0.29
45 17.5 36.6% 2.32 45 94% 0.22
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46 17.1 35.8% 2.36 46 96% 0.14
47 18.4 38.4% 2.26 47 98% 0.06
48 18.8 39.3% 2.22 48 100% -0.01
49 19.2 40.2% 2.19 49 102% -0.09
50 19.7 41.1% 2.16 50 105% -0.17
51 20.1 42.0% 2.13 51 107% -0.24
52 20.5 42.9% 2.09 52 109% -0.32
53 21.0 43.9% 2.06 53 111% -0.40
54 21.4 44.8% 2.02 54 113% -0.47
55 21.9 45.7% 1.99 55 115% -0.55
56 22.3 46.7% 1.96 56 117% -0.63
57 22.8 47.6% 1.92 57 119% -0.70
58 23.2 48.5% 1.89 58 121% -0.78
59 23.7 49.5% 1.85 59 123% -0.86
60 24.1 50.5% 1.82 60 125% -0.93
61 24.6 51.4% 1.78 61 128% -1.01
62 25.1 52.4% 1.74 62 130% -1.09
63 25.5 53.4% 1.71 63 132% -1.16
64 26.0 54.4% 1.67 64 134% -1.24
65 26.5 55.4% 1.64 65 136% -1.32
66 27.0 56.4% 1.60 66 138% -1.39
67 27.4 57.4% 1.56 67 140% -1.47
68 27.9 58.4% 1.52 68 142% -1.55
69 28.4 59.5% 1.49 69 144% -1.62
70 28.9 60.5% 1.45 70 146% -1.70
71 29.4 61.6% 1.41 71 148% -1.78
72 29.9 62.6% 1.37 72 151% -1.85
73 30.5 63.7% 1.33 73 153% -1.93
74 31.0 64.8% 1.29 74 155% -2.01
75 31.5 65.9% 1.25 75 157% -2.08
76 32.0 67.0% 1.21 76 159% -2.16
77 32.6 68.1% 1.17 77 161% -2.24
78 33.1 69.3% 1.13 78 163% -2.31
79 33.7 70.4% 1.08 79 165% -2.39
80 34.2 71.6% 1.04 80 167% -2.47
81 34.8 72.8% 1.00 81 169% -2.54
82 35.4 74.0% 0.95 82 171% -2.62
83 36.0 75.2% 0.91 83 174% -2.70
84 36.5 76.4% 0.86 84 176% -2.77
85 37.1 77.7% 0.82 85 178% -2.85
86 37.8 79.0% 0.77 86 180% -2.93
87 38.4 80.3% 0.72 87 182% -3.00
88 39.0 81.6% 0.68 88 184% -3.08
89 39.6 82.9% 0.63 89 186% -3.16
90 40.3 84.3% 0.58 90 188% -3.23
91 41.0 85.7% 0.53 91 190% -3.31
92 41.6 87.1% 0.47 92 192% -3.39
93 42.3 88.5% 0.42 93 194% -3.46
94 43.0 90.0% 0.37 94 197% -3.54
95 43.8 91.5% 0.31 95 199% -3.62
96 44.5 93.1% 0.25 96 201% -3.69
97 45.3 94.6% 0.20 97 203% -3.77
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98 46.0 96.3% 0.14 98 205% -3.85
99 46.9 98.1% 0.07 99 207% -3.92
100 47.8 100.0% 0.00 100 209% -4.00
Table 6.3.2 CFs for land occupation and transformation (1 ha) on climate (GWPlOO)
Transforrr 
GWPlOO (k
lation (total) 
s, COz-eq ha'*)
Occupation (yearly) 
GWPlOO (kgCOz-eq ha* yr'*)
From Forest Forest Grassland Grassland Forest Forest Grassland Grassland
To Annual Perennial Annual Perennial Annual Perennial Annual Perennial
Argentina 72,161 63,016 9,874 729 7,216 6,302 987 73
Australia 95,174 86,029 9,874 729 9,517 8,603 987 73
Brazil 156,161 110,192 44,473 - 15,616 11,019 4,447 -
Canada 73,046 65,509 9,874 729 7,305 6,551 987 73
China 113,812 96,192 21,186 3,567 11,381 9,619 2,119 357
Finland 61,660 33,675 31,591 3,605 6,166 3,368 3,159 361
France 75,457 57,838 19,767 2,148 7,546 5,784 1,977 215
Germany 88,508 60,523 30,229 2,244 8,851 6,052 3,023 224
India 41,914 28,267 15,603 1,956 4,191 2,827 1,560 196
Indonesia 138,727 131,056 82,884 75,213 13,873 13,106 8,288 7,521
Malaysia 156,161 110,192 44,473 - 15,616 11,019 4,447 -
Mozambique 99,446 78,128 15,603 1,956 9,945 7,813 1,560 196
Pakistan 64,927 51,280 15,603 1,956 6,493 5,128 1,560 196
Philippines 156,161 110,192 44,473 - 15,616 11,019 4,447 -
Poland 88,508 60,523 30,229 2,244 8,851 6,052 3,023 224
Russia 83,916 60,523 26,998 3,605 8,392 6,052 2,700 361
South Africa 107,807 101,370 7,165 729 10,781 10,137 716 73
Spain 74,304 66,851 8,181 729 7,430 6,685 818 73
Ukraine 76,245 52,852 26,998 3,605 7,624 5,285 2,700 361
United Kingdom 111,521 83,536 30,229 2,244 11,152 8,354 3,023 224
USA 73,046 65,509 8,419 882 7,305 6,551 842 88
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Table 6.3.3 CFs for land occupation and transformation (1 ha) on biodiversity (HAPECS)
Transformation (total) 
HAPECS (tC yrha* yr*)
Occupation (yearly) 
HAPECS (tC yrha* yr *)
From Forest Forest Grassland Grassland Forest Forest Grassland Grassland
To Annual Perennial Annual Perennial Annual Perennial Annual Perennial
Argentina 941 822 129 10 94 82 13 1
Australia 1,241 1,122 129 10 124 112 13 1
Brazil 2,036 1,437 580 - 204 144 58 -
Canada 952 854 129 10 95 85 13 1
China 1,484 1,254 276 47 148 125 28 5
Finland 804 439 412 47 80 44 41 5
France 984 754 258 28 98 75 26 3
Germany 1,154 789 394 29 115 79 39 3
India 546 369 203 26 55 37 20 3
Indonesia 1,809 1,709 1,081 981 181 171 108 98
Malaysia 2,036 1,437 580 - 204 144 58 -
Mozambique 1,296 1,019 203 26 130 102 20 3
Pakistan 846 669 203 26 85 67 20 3
Philippines 2,036 1,437 580 - 204 144 58 -
Poland 1,154 789 394 29 115 79 39 3
Russia 1,094 789 352 47 109 79 35 5
South Africa 1,405 1,322 93 10 141 132 9 1
Spain 969 872 107 10 97 87 11 1
Ukraine 994 689 352 47 99 69 35 5
United Kingdom 1,454 1,089 394 29 145 109 39 3
USA 952 854 110 12 95 85 11 1
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6.4.1 UK climate commitments
The United Nations Framework Convention on Climate Change (UNFCCC, see 
Glossary) established the Kyoto Protocol - an international and legally binding 
agreement to reduce GHG emissions which came into force on 16‘^  February 2005 
and of which the UK is a signatory -  under which the UK is committed to reducing 
annual GHG emissions by 12.5% below 1990 levels on average over the commitment 
period 2008-2012. Furthermore, the UK has committed itself to reducing GHG 
emissions by 80% of her 1990 levels by 2050 (Climate Change Act, 2008).
UK GHG emissions in 2009 were estimated at 26.3% below 1990 levels^ (DECC, 
2010), implying that the target was met and emission reduction was twice the target 
level. In addition, carbon dioxide emissions were reduced by 18.9%, which is very 
close to the domestic target of reducing CO2 emissions by 20% by 2010 (see Figure 
6.4.1.1). These figures relate to the GHGs emitted within the UK borders (i.e. 
emissions that take place in the UK only and, thereby, exclude those from imports but 
include those from manufacturing exported goods).
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■ Greenhouse gas emissions 
' 0 0 2  emissions
' 2008-2012 Kyoto Target
■ Domestic 0 0 2  target
Figure 6.4.1.1 UK emissions o f GHGs and CO2  compared to Kyoto Protocol and domestic targets 
(DECC, 2010)
Additional, more ambitious, targets now exist. The Climate Change Act 2008 
introduced a legally-binding target of reducing GHG emissions by at least 80% by 
2050, including an interim target of 34% by 2020. Both these targets are against a 
1990 baseline.
 ^Expressed in CO2  equivalents, excluding emissions from Land Use, Land-Use Changes and Forestry 
(LULUCF) and aircraft movements. Had LULUFC been considered, the UK emissions would have 
been lower in 2009, but higher in 1990.
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This reduction was primarily because of the shift from coal to gas for power 
generation (see Figure 6.4.1.2) aided towards the end of the period by reduced 
economic activity. Indeed, the shift in fuel supply from coal to natural gas resulted in 
a reduction by 55% of emissions from coal burning and an increase by 45% from 
natural gas emissions. Oil emissions decreased by 21% and other emissions by -45% 
(DECC, 2010). Despite the reduction in total UK carbon emissions, oil, coal and gas 
still comprise around 95% of the total in 2009 (Figure 6.4.1.2).
■ Non-fuel
■  O ther solid fuels
□  Coal
■  Dll
□  G as
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(P)
Year
Figure 6.4.1.2 Carbon dioxide emissions by fuel (1990-2009) (DECC, 2010)
Figure 6.4.1.4 shows that carbon dioxide contributes 85% to total emissions, in terms 
of COi-equivalents (on a 100-year timeframe).
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Figure 6.4.1.3 UK greenhouse gas emissions by gas, 1990-2008: weighted by their respective GWP 
characterisation factors (DECC, 2010)
Figure 6.4.1.3 shows the contribution of the different sectors to total GHG emissions 
since 1990. The bulk of GHG emissions (-85%) arise from just four sectors: energy 
supply, transport, residential and business. All sectors have reduced emissions since
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1990. Agriculture accounts for less than 1% of CO2 emissions, a figure that increases 
to 7.7% when other GHGs are accounted for (DEFRA et al, 2010). The LULUCF is a 
net sequester of CO2 , although it is of relatively low significance (—0.5%).
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Figure 6.4.1.4 Estimated emissions o f GHGs by source, 1990-2008 (DECC, 2010)
Despite the relatively low contribution of the agricultural sector to total national 
emissions, estimated at 7.7% (DECC, 2010), it is the largest emitter of two of the 
most powerful GHGs: methane (C H 4) and nitrous oxide (N2O), which on a 100-year 
period following emission are 25 and 298 times, respectively, more potent 
contributors to global warming than carbon dioxide (CO2) (Forster et a l, 2007). 
Within this sector, the largest sources of GHGs are direct soil emissions (48%), 
enteric fermentation of cattle (24%) and combustion (10%). Between 1990 and 2008, 
agricultural emissions of GHGs reduced by 21% (see Figure 6.4.1.5).
In terms of land use, since agriculture occupies 18,752 thousand ha (DEFRA et al, 
2010), or some 77% of total UK land area, the potential of agriculture to mitigate 
GHG emission by acting as a carbon sink through its sequestration and storage in soil 
and by producing energy crops to displace fossil fuels is promising (Sims et a l , 2006; 
Smeets et al, 2007). Indeed, Figure 6.4.1.6 shows that land use, land use change and 
forestry (LULUCF) is responsible in 2008 for sequestering 2Mt C02-eq. (DECC, 
2010). However, only since 1999 has LULUCF been a net sequester of GHGs. In 
2008, emissions arose from conversions of land to cropland (14Mt COi-eq.) and
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settlement (6Mt COi-eq.), whereas sequestrations arose from conversion of land from 
cropping to forest (-14Mt C02-eq.) and grassland (-9Mt COi-eq.) (DECC, 2010).
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Figure 6.4.1.5 Estimated emissions of Greenhouse Gases by agricultural sources, 1990-2008 (DECC, 
2010)
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Figure 6.4.1.6 Estimated emissions of Greenhouse Gases by LULUCF, 1990-2008 (DECC, 2010)
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6.4.2 Energy use in the UK and the world
The total primary energy demand in the World was 12,267 Mtoe in 2008. Table
6.4.2.1 shows how the UK stands against world average in terms of energy demand. 
The UK (whose population is around 1% of the world population) uses twiee as much 
per capita as the world average, although its efficiency (carbon dioxide emissions per 
unit of primary energy used) is only slightly above world average. The UK’s and the 
World’s primary energy demand is shown in Figure 6.4.2.1. Figure 6.4.2.2 shows the 
trend in the fuel-mix for electricity production. The amount of oil consumed in the 
UK is proportional to that of the world. In terms of natural gas, however, the UK uses 
proportionately the double. The share of coal is less in the UK. Nuclear energy has an 
equal share and the UK has far less of a share of renewables than the world.
Table 6.4.2.1 Some energy indicators between UK and the World (TEA, 2010)
UK World UK as percentage of 
world average (%)
toe per capita 348 191
kWh per capita 6,142 2,752 223
tC02/toe 248 2.41 103
tCOz per capita 8.60 4T2 199
World UK
■ Combustible Renewables & Waste
■ Geothermal, Solar, etc.
■ Hydro
■ Nuclear
■ Gas
■ Crude Oil
■ Coal and Peat
Figure 6.4.2.1 UK and World Net Primary Energy Demand in 2008 (lEA, 2010)
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Figure 6.4.2.2 Fuel use in electricity generation in UK (Mtoe and as share of total) (DUKES, 2009)
Electricity production in the ElK is dominated by natural gas, whose share is more 
than twice as large as the world average. Conversely, the UK uses a substantially 
lower share of coal than the world’s in its power mix. Nuclear energy levels are above 
the average world share, but hydropower is significantly less than the world average.
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4.299,21% %
Figure 6.4.2.3 Share of fuels in total electricity production in the World in 2006 (TWh) (lEA, 2010)
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Figure 6.4.2.4 UK electricity production by source (GWh) (DUKES, 2009)
Table 6.4.2.2 Energy and carbon intensity in fuels and resulting electricity in UK (DUKES, 2009)
Mtoe^ GWh Losses(GWh)
Losses
(%)
GWh tCOz/GWh elec
All All FF
Gas 32.4 377,216 200467 53% 176,749 393
Coal 2&4 347,676 222,361 64% 125,315 910
Nuclear 11.9 138,508 86,023 62% 52,486
Other renewables 3.5 41,083 30,749 75% 10,335
Wind 0.6 7^W7 17 0% 7,114
Oil 1.8 20,536 14,435 70% 6,101 711
Hydro 0.4 5,223 55 1% 5J.68
Other 1.0 11,348 9,055 80% 2^:93
Net imports 0.9 11,022 11,022 10094 -
Total 82.5 959,711 574,151 60% 385,560 497 605
Itoe = 41.8 GJ; IMtoe = 11,630 GWh
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6.4.3 Land use in the UK for food, fuel and timber
The total land under agricultural cultivation in the UK is 18.8 Mha (DEFRA et al, 
2010), representing 77% of total land area, the rest being divided roughly equally 
between forests and urban areas. Permanent grassland and cropland account for 55% 
and 33%, respectively, of the total agricultural area (see Figure 6.4.3.1). Cereals 
account for half of cropland. Horticulture crops account for 1% of agricultural land 
and include vegetables, soft fruit, orchards and protected cropping (DEFRA et al, 
2010).
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Figure 6.4.3.1 Agriculture land use, 1984-2009 (DEFRA et al., 2010)
Figure 6.4.3.2 shows the main arable crops by area. Wheat (40%), barley (26%), 
oilseed rape (13%), sugar beet (3%) and maize (4%) represent 86% of the total area of 
arable crops (DEFRA et al, 2010). Figure 6.4.3.3 to 6.4.1.5 indicate that while the 
volume of harvested production of cereals remained largely unchanged, their land use 
decreased and yield correspondingly increased.
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Figure 6.4.3.2 Area of the main arable crops, 1984-2009 (DEFRA et a l ,  2010)
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Figure 6.4.3.3 Cereal production and yield, 1984-2009 (DEFRA et al., 2010)
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Figure 6.4.3.4 Cereal area and yield, 1984-2009 (DEFRA et a l ,  2010)
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Figure 6.4.3.5 Changes in area, yield and volume of harvested production of cereals (1984=1) 
(DEFRA et a/., 2010)
Figure 6.4.3.6 and Figure 6.4.3.7 show that yields of sugar beet increased 
substantially, less so for wheat and yield changes were negligible for oilseed rape. 
Yield assumptions in land use assessments are important and, therefore, will be 
subject to discussion in Chapter III.
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Figure 6.4.3.6 Yield of wheat, oilseed rape and sugar beet, 1984-2009 (DEFRA et a l ,  2010)
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Figure 6.4.3.7 Yield changes o f wheat, oilseed rape and sugar beet, 1984-2009 (1984=1) (DEFRA et 
a/., 2010)
Organic (also known as ecological and biological) farming, with its emphasis on 
sustainable agro-ecosystem management and the use of locally-derived, renewable 
resources, offers potential solutions to some of the key problems faced by the UK 
agricultural sector, and its counterparts in other industrialized countries. DEFRA, 
along with many European governments, now provides direct financial support for 
organic farming in recognition of its contribution to current policy objectives, 
including environmental protection, conservation of non-renewable resources.
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controlling over-production and the reorientation of agriculture towards areas of 
market demand.
As a consequence, the organic sector throughout the UK is expanding rapidly, with 
similar trends elsewhere in Europe and the rest of the world. In the United Kingdom 
the number of organic farms and the land area managed organically have increased, 
on average, by 16% and 33% per year, respectively, since 1993 (see Figure 6.4.3.8), 
although the figures for the last four years show a decline for the first time since the 
existence of certified land (circa 1985). Today 3% of the total agricultural land in the 
UK is managed organically or is in conversion.
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Figure 6.4.3.8 Development o f organic farming in the UK (DEFRA.SEERAD.DARD.DEPC, 2008; 
OCW)
Despite the attention which has been paid to organic farming over the past few years, 
very little accessible information actually exists on what the costs and benefits to 
soeiety involved in farming organically and in converting to an organic farming 
system really are. Although the benefits of organic farming are widely recognized, it 
is equally aeknowledged that the productivity of land is considerably lower in 
ecological systems than in their conventional counterparts. Only a Life-Cycle 
Approach can really address some of the questions regarding the comparative 
performance of differing farming systems.
Other farming systems also claim sustainability in their own way, e.g. Conventional 
Agriculture (includes intensive, extensive and precision), and Integrated Agriculture 
(e.g. Linking Environment and Farming -LEAF). These are differentiated by different 
praetices and regulations. It can be argued that the most intensive systems are
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sustainable because they are more productive per unit of land and, thus, save more 
land that their counterparts, which can be allocated to natural purposes.
In addition to food, land in the UK is also used for fuel and timber.
Energy crops occupied 13.22 thousand hectares of agricultural land in 2007, of which 
9.8 thousand ha (or 67% of the total area dedicated to biomass crops) were occupied 
by Miscanthus (DEFRA et al., 2009). Their current proportion of agricultural land use 
is relatively insignificant (<0.1 %) but would grow substantially if recommendations 
by the Royal Commission on Environmental Pollution (RCEP, 2000, 2004) are 
followed and the market for energy crops develops (Brandao et ah, in press).
In the UK, Forest and woodlands represent the second largest land use, which is 
slightly larger than the urban land use. Within this category, conifers occupy 1,628 
thousand ha (57%) and broadleaf forests occupy 1,213 thousand ha (43%) at the end 
of March 2009 (Forestry Commission, 2009).
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6.4.4 Statistics on Agriculture in the UK
Figures 6.4.2.1 to 6.4.2.17 show some interesting statistics regarding agriculture in the 
UK.
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Figure 6.4.4.1 Total area on agricultural holdings in the UK at June 2009 (DEFRA et al., 2010)
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Figure 6.4.4.2 Total area o f cereal crops grown in the UK at June 2009 (DEFRA et a l, 2010)
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Figure 6.4.4.3 Relative changes in crop area in the UK (2008-2009) (DEFRA et a l, 2010)
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Figure 6.4.4.4 Changes in livestock numbers; United Kingdom (DEFRA et a l, 2010)
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Figure 6.4.4.5 Organically managed land; United Kingdom (DEFRA et al ,  2010)
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Figure 6.4.4.6 Environmental profile o f the agricultural sector (DEFRA et a l, 2010)
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Figure 6.4.4.7 Land Use (DEFRA et a l, 2010)
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Figure 6.4.4.8 Average Commodity Yields; England and UK (DEFRA et al,  2010)
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Figure 6.4.4.9 Nitrogen (N) fertiliser use in Great Britain 1984 to 2008 (DEFRA et a l, 2010)
Thousand tonnes 
400
' England 
\Afeles
300
200
100
0
1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008
Source, GB Fertiliser practice survey, Defra June Survey
Figure 6.4.4.10 Phosphate (P2O5) fertiliser use in Great Britain 1984 to 2008 (DEFRA et a l, 2010)
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Figure 6.4.4.11 Pesticide use on cereals 1988 to 2008; England (DEFRA et al,  2010)
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Figure 6.4.4.12 Water abstracted for agricultural use 1995 to 2007; England & Wales (DEFRA et al, 
2010)
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Figure 6.4.4.13 Methane emissions by source 1990 to 2008; United Kingdom (DEFRA et a l, 2010)
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Figure 6.4.4.14 Nitrous oxide emissions by source 1990 to 2008; United Kingdom (DEFRA et al, 
2010)
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Figure 6.4.4.15 Ammonia emissions by source 1990 to 2007; United Kingdom (DEFRA et a l, 2010)
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Figure 6.4.4.17 Nitrous oxide emissions by source (DECC, 2010)
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6.4 Appendices to Chapter IV (part 2)
6.4.5 Foreground System
6.4.5.1 Land Use for Food
6.4.5.1.1 Wheat 
Table 6.4.1 shows the input data for this land-use strategy.
Table 6.4.1 Input data for UK wheat for food (Williams et a l ,  2006)
Stage/Input Units Conventional Organic
Stage 1 -  Crop Production
Yield @ traded moisture content t/ha.a 7.68 4.12
Traded moisture content % 14 14
N fertiliser kg N/ha.a 208 0
P fertiliser kg PzOg/ha.a 18 10
Type o f P fertiliser TSP Rock Phosphate
K fertiliser kg K20/ha.a 36 41
Lime kg CaO/ha.a 12.7 96.6
Diesel fuel consumption litres/ha.a 227 130.7
Straw removed t/ha.a 3.98 0
Stage 2 -  Drying and storage
Moisture removed % by weight 2 2
Fuel for heating MJ/t wheat 141 141
Fuel type Diesel Diesel
Electricity MJ/t wheat 16 16
Stage 3 -  Feedstock Transport
Transport distance km 150 75
Fuel consumption MJ/t.km 1.53 1.53
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6.4.5.1.2 Sugar Beet
Table 6.4.2 shows the input data for sugar production from sugar beet.
Table 6.4.2 Input data for UK sugar beet for sugar (AEA and NEA, 2008; DEFRA et al., 2010; Nix, 
2006; REA, 2009)
Stage/Input Units UK
Stage 1 -  Crop Production
Yield t beet/ha.a 58
N fertiliser kg N/ha.a 100
Type o f N fertiliser AN
P fertiliser kg P205/ha.a 50
Type of P fertiliser TSP
K fertiliser kg K20/ha.a 120
Na Fertiliser kg/ha.a 100
Lime kg CaO/ha.a 300
Pesticides kg/ha.a 0.3
Diesel fuel consumption litres/ha. a 168
On-farm transport to storage clamp litres/tonne beet 0.8
On-farm cleaning and loading litres/tonne beet 0.5
Stage 2 -  Feedstock Transport
Transport distance km 100
Fuel consumption MJ/t.km 1^3
Fuel type Diesel
Stage 3 -  Conversion
Yield t sugar/t sugar beet 0.1447
Natural gas MJ/t sugar 6,945
Electricity import MJ/t sugar 938
Lime kg / 1 sugar 159
Plant Construction MJ/1 sugar 52
Plant Maintenance MJ/1 sugar 43
Plant Decommission MJ/1 sugar -
Diesel fuel consumption in distribution MJ/t sugar 259
Co-products
Quantity o f pulp produced & used as animal feed t pulp/t sugar 0.65
Quantity of lime produced & used as fertiliser t lime/t sugar 0.311
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6.4.5.1.3 Oilseed Rape
Table 6.4.3 shows the input data for this land-use strategy. Displacements arising 
from palm kernel meal are included in the analysis; however those related to palm 
stearin are not.
Table 6.4.3 Input data for UK oilseed rape for food (Williams et a l ,  2006)
Stage/Input Units Conventional Organic
Stage 1 -  Crop Production
Yield @ traded moisture content t/ha.a 3J3 1.71
Traded moisture content % 7.5 7.5
N fertiliser kg N/ha.a 195 10.5
Type o f N fertiliser AN Compost
P fertiliser kg PzOg/ha.a 18 7.2
Type o f P fertiliser TSP Rock Phosphate
K fertiliser kg K20/ha.a 26 62.5
Lime kg CaO/ha.a 12.8 241.2
Diesel fuel consumption litres/ha.a 98 84
Straw removed t/ha.a 0 0
Stage 2 -  Drying and storage
Moisture removed % by weight 3 3
Fuel for heating MJ/t GSR 318 318
Fuel type Diesel Diesel
Electricity MJ/t GSR 35 35
Stage 3 -  Feedstock Transport
Transport distance km 150 75
Fuel consumption MJ/t.km 1.53 1.53
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6.4.S.2 Land Use for Feed
6.4.5.2.1 Feed Wheat
The diversion of wheat from food to feed purposes is also assessed.
Table 6.4.4 Input data for UK wheat for food (Williams et a l ,  2006)
Stage/Input Units Conventional Organic
Stage 1 -  Crop Production
Yield @ traded moisture content t/ha.a 8.05 4.12
Traded moisture content % 14 14
N fertiliser kg N/ha.a 192 0
P fertiliser kg P20s/ha.a 18 10
Type o f P fertiliser TSP Rock Phosphate
K fertiliser kg K20/ha.a 36 41
Lime kg CaO/ha.a 12.7 96.6
Diesel fuel consumption litres/ha.a 227 130.7
Straw removed t/ha.a 3 j # 0
Stage 2 -  Drying and storage
Moisture removed % by weight 2 2
Fuel for heating MJ/t wheat 141 141
Fuel type Diesel Diesel
Electricity MJ/t wheat 16 16
Stage 3 -  Feedstock Transport
Transport distance km 150 75
Fuel consumption MJ/t.km 1.53 1.53
6.4.S.2.2 Barley 
Table 6.4.5 shows the input data for this land-use strategy.
Table 6.4.5 Input data for UK winter barley for feed (Williams et al., 2006)
Stage/Input Units Conventional Organic
Stage 1 -  Crop Production
Yield @ traded moisture content t/ha.a 6.31 3.59
Traded moisture content % 14 14
N fertiliser kg N/ha.a 150 10.5
Type o f N  fertiliser AN Compost
P fertiliser kg P205/ha.a 21 8.6
Type o f P fertiliser TSP Rock Phosphate
K fertiliser kg K20/ha.a 62 46
Lime kg CaO/ha.a 5 9 2 165.7
Diesel fuel consumption litres/ha.a 84 88
Straw removed t/ha.a 2.75 0
Stage 2 -  Drying and storage
Moisture removed % by weight 2 2
Fuel for heating MJ/t barley 147 147
Stage 3 -  Feedstock Transport
Transport distance km 150 75
Fuel consumption MJ/t.km 1.53 1.53
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6.4.5.3 Land Use for Fuel
6.4.5.3.1 Wheat
Table 6.4.6 shows the input data for the production of ethanol from wheat in the UK. 
The figures show slight differences fi*om those for wheat for food due to the different 
references adopted.
Table 6.4.6 Input data for UK wheat for ethanol (RFA, 2009)
Stage/Input Units UK
Stage 1 -  Crop Production
Yield @ traded moisture content t/ha.a 7.76
Traded moisture content % 15
N fertiliser kg N/ha.a 183
Type o f N  fertiliser AN
P fertiliser kg PzOg/ha.a 40
Type o f P fertiliser TSP
K fertiliser kg KzO/ha.a 45
Lime kg CaO/ha.a 363
Pesticides kg/ha.a 0.38
Diesel fuel consumption litres/ha.a 141
Straw removed t/ha.a 3.98
Stage 2 -  Drying and storage
Moisture removed % by weight 2
Fuel for heating MJ/t wheat 141
Fuel type Diesel
Electricity MJ/t wheat 16
Stage 3 -  Feedstock Transport
Transport distance km 150
Fuel consumption MJ/t.km 1.53
Stage 4 -  Feedstock Transport
Transport distance km 0
Fuel consumption MJ/t.km 0
Co-products
Quantity o f DDGS produced & used as animal feed t DGSS/t ethanol 1.14
Stage 5 - Conversion
Yield t ethanoFt wheat 0.292
Energy Yield
Natural gas MJ/t pure ethanol 12,700
Plant Construction MJ/1 ethanol 100
Plant Maintenance MJ/1 ethanol 82
Plant Decommission MJ/1 ethanol -
Diesel fuel consumption in distribution MJ/t ethanol 498
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6.4.5.32 Sugar Beet 
Table 6.4.7 shows the input data for the production of ethanol from sugar beet in the 
UK.
Table 6.4.7 Input data for UK sugar beet to ethanol (RFA, 2009)
Stage/Input Units UK
Stage 1 -  Crop Production
Yield t/ha.a 58
N2O emissions from soils kg C02e/ha.a 616
N fertiliser Kg N/ha.a 100
Type o f N  fertiliser AN
P fertiliser kg P20s/ha.a 50
Type of P fertiliser TSP
K fertiliser kg K20/ha.a 120
Na Fertiliser kg/ha.a 100
Lime kg CaO/ha.a 300
Pesticides kg/ha.a 0.3
Diesel fuel consumption litres/ha.a 168
On-farm transport to storage clamp litres/tonne beet 0.8
On-farm cleaning and loading litres/tonne beet 0.5
Stage 2 -  Feedstock Transport
Transport distance km 100
Fuel consumption MJ/t.km 1.53
Fuel type Diesel
Stage 3 -  Conversion
Yield t ethanoFt sugar beet 0.0752
Natural gas MJ/t pure ethanol 13,333
Electricity import MJ/t pure ethanol 1,800
Lime k g/tp u re ethanol 306
Plant Construction MJ/1 ethanol 100
Plant Maintenance MJ/1 ethanol 82
Plant Decommission MJ/1 ethanol -
Diesel fuel consumption in distribution MJ/t ethanol 498
Co-products
Quantity o f pulp produced & used as animal feed t pulp/t ethanol 1.25
Credit for co-product kg C02e/t pulp -337
Quantity o f lime produced & used as fertiliser t lime/t ethanol 0.598
Credit for co-product kg COzdi lime -49
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6.4.5.S.3 Oilseed Rape
Table 6.4.8 shows the input data for the production of biodiesel in the UK from 
oilseed rape.
Table 6.4.8 Input data for UK oilseed rape to biodiesel (AEA and NEA, 2008; RFA, 2009)
Stage/Input Units UK
Stage 1 -  Crop Production
Yield @ traded moisture content t/ha.a 3.03
Traded moisture content % 9
N  fertiliser kg N/ha.a 185
Type o f N  fertiliser AN
P fertiliser kg PaOs/ha.a 45
Type of P fertiliser TSP
K fertiliser kg K20/ha.a 48
Lime kg CaO/ha.a 271
Pesticides kg/ha.a 0.28
Diesel fuel consumption litres/ha.a 66
Stage 2 -  Drying and storage
Moisture removed % by weight 3
Fuel for heating MJ/t GSR 318
Electricity MJ/t GSR 35
Stage 3 -  Feedstock Transport
Transport distance km 100
Fuel consumption MJ/t.km 1.53
Fuel type Diesel
Stage 4 -  Conversion
Plant yield t rapeseed oiFt oilseed rape 0.43
Natural gas MJ/t rapeseed oil 1,986
Electricity imported MJ/t rapeseed oil 337
Co-products
Quantity o f rape meal (used as animal feed) t rape meaFt rapeseed oil 1.32
Stage 5 -  Conversion
Plant yield t biodieseFt rapeseed oil 0.95
Natural gas MJ/t biodiesel 1,690
Electricity imported MJ/t biodiesel 335
Methanol kg/t biodiesel 113
Potassium hydroxide kg/t biodiesel 26
Plant Construction MJ/1 biodiesel 100
Plant Maintenance MJ/1 biodiesel 62
Plant Decommission MJ/1 biodiesel -
Diesel fuel consumption in distribution MJ/t ash 498
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6.4.5.3.4 Miscanthus and Willow SRC
Table 6.4.9 shows the input data for the production of Miscanthus bales and wood 
chip from willow SRC. Table 6.4.9 shows the different energy pathways from the 
different bioenergy feedstocks.
Table 6.4.9 Input data for UK biomass for fuel from Miscanthus and Willow SRC (AEA and NEA,
Stage/Input Units Miscanthus Willow SRC
Stage 1 -  Crop Production
Net yield @ traded moisture content t/ha.a 18 14
Traded moisture content % 30 50
Yield o f biomass odt/ha.a 12.6 . 7
N  fertiliser kg N/ha.a 5.26 0
Type o f N  fertiliser AN N/A
P fertiliser kg PzOg/ha.a 4.82 0
Type o f P fertiliser Phosphate N/A
K fertiliser kg K20/ha.a 5.07 0
Lime kg CaO/ha.a 157.89 0
Manganese fertiliser litres MnSo4/ha.a 4 0
Pesticides kg/ha.a 4.51 2.25
Diesel fuel consumption in cultivation MJ/ha.a 477 440
Diesel fuel consumption in harvesting MJ/ha.a 1,158 308
Diesel fuel consumption in handling MJ/ha.a 847 39
Replant and production kg rhizome/ha.a
cuttings/ha.a
setts/ha.a
52.63
6,250
312.5
Stage 2 -  Feedstock Transport
Transport distance km 40 64.37
Fuel consumption MJ/t.km 1.8 1.8
Fuel type Diesel Diesel
Stage 3 -  Conversion
Plant Construction MJ/GJ 102 36
Plant Maintenance MJ/GJ 64 23
Plant Decommission MJ/GJ - 1
Diesel fuel consumption in ash disposal MJ/t ash 33 -
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6.4.6 Background System
6.4.6.1 Marginal Food Production
6.4.6.1.1 Wheat 
Table 6.4.10 Input data for Canada wheat for food (RFA, 2009)
Stage/Input Units Canada
Stage 1 -  Crop Production
Yield @ traded moisture content t/ha.a 2 2 8
Traded moisture content % 15
N fertiliser kg N/ha.a 50
Type o f N  fertiliser AN
P fertiliser kg P20s/ha.a 26
Type o f P fertiliser TSP
K fertiliser kg K2Û/ha.a 6
Lime kg CaO/ha.a 363
Pesticides kg/ha.a 0.38
Diesel fuel consumption litres/ha.a 70
Straw removed t/ha.a 0
Stage 2 -  Drying and storage
Moisture removed % by weight 2
Fuel for heating MJ/t wheat 141
Fuel type Diesel
Electricity MJ/t wheat 16
Stage 3 -  Feedstock Transport
Transport distance km 3,000
Fuel consumption MJ/t.km 0.19
Stage 4 -  Feedstock Transport
Transport distance km 5,000
Fuel consumption MJ/t.km 0.2
352
6.4.6.1.2 Sugar
Table 6.4.11 summarises data for the system that is affected in the background, in 
Brazil.
Table 6.4.11 Input data for Brazil sugar cane for sugar (FAPRI, 2009b; Monteiro et a l ,  2008; RFA,
Stage/Input Units Brazil
Stage 1 -  Crop Production
Yield t/ha.a 71.6
Trash yield (% cane) % 14
Sugar cane burning area % 77
Mechanical Harvesting Area % 34
N fertiliser kg N/ha.a 80
Type o f N  fertiliser Urea
P fertiliser kg P20s/ha.a 60
Type of P fertiliser MAP
K fertiliser kg K2Û/ha.a 100
Lime kg CaO/ha.a 60
Pesticides kg/ha.a 0.2
Diesel use in agricultural operations litres/ha.a 65
N2O from burning trash kg trash/t cane 140
Methane from burning trash kg trash/t cane 140
Stage 2 -  Feedstock Transport
Average transport distance km 20
Fuel consumption MJ/t.km 1.8
Stage 3 -  Conversion
Yield t sugar / 1 cane 0.14
Plant Construction MJ/1 sugar 16
Plant Maintenance MJ/1 sugar 13
Plant Decommission MJ/1 sugar -
Stage 4 -  Sugar transport and storage
Transport distance km 600
Fuel consumption MJ/t.km 1.8
Fuel type Diesel
Stage 5 -  Sugar transport and storage
Transport distance km 10,000
Fuel consumption MJ/t.km 0.2
Fuel type HFO
Diesel fuel consumption in distribution MJ/t sugar 498
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6.4.6.1.3 Vegetable Oil
Table 6.4.12 shows the the inputs required for producing palm oil in Indonesia.
Table 6.4.12 Input data for Indonesian palm for vegetable oil (RFA, 2009)
Stage/Input Units Indonesia
Stage 1 -  Crop Production
Yield o f FFB t/ha.a 19.0
N fertiliser kg N/ha.a 100
Type o f N  fertiliser SOA
P fertiliser kg PiOg/ha.a 45
Type o f P fertiliser Rock
K fertiliser kg KaO/ha.a 205
Mg fertiliser (MgO) kg MgO/ha.a 33
Pesticides kg/ha.a 3
Replant and production litres/ha.a 30
Harvest and collection litres/ha.a 30
Stage 2 -  Feedstock Transport
Transport distance km 17
Fuel consumption MJ/t.km 1.8
Fuel type Diesel
Stage 3 -  Conversion
Palm oil mill yield t CPO/t FFB 0.2
Mill effluent emissions (POME) kg/t CPO 2,500
POME emissions coefficient kg COze / kg 0.2472
Co-products
Quantity o f palm kernel t palm kemel/t CPO 0.3
Stage 4 -  Feedstock Transport
Transport distance km 250
Fuel consumption MJ/t.km 1.8
Fuel type Diesel
Stage 5 - Conversion
Refinery yield t palm olein/t CPO 0.8
Heavy fuel oil MJ/t palm olein 1,366
Electricity imported MJ/t palm olein 121
Co-products
Quantity o f  palm stearin t palm stearin/t palm olein 0.2
Stage 6 -  Feedstock Transport
Transport distance km 15,000
Fuel consumption MJ/t.km 0.2
Fuel type HFO
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6.4.62 Marginal Feed Production
For feed wheat, palm oil and soybean meal, see Table 6.4.10, Table 6.4.12 and Table 
6.4.13, which summarise data for marginal feed systems: feed wheat from Canada, 
palm oil from Indonesia and soybean meal from Argentina.
Table 6.4.13 Input data for soybean meal for feed (RFA, 2009)
Stage/Input Units Argentina
Stage 1 -  Crop Production
Yield @ traded moisture content t/ha.a 2.54
Moisture content % 13
N fertiliser kg N/ha.a 10
Type of N  fertiliser Urea
P fertiliser kg PzOg/ha.a 5
Type of P fertiliser MAP
K fertiliser kg KzO/ha.a 3
Pesticides kg/ha.a 1.31
Electricity kWh/ha.a 11.00
Diesel fuel consumption litres/ha.a 75.6
Stage 2 -  Drying and storage
Moisture removed % by weight 2
Fuel for heating MJ/t soy 138
Fuel type Diesel
Electricity MJ/t soy 15
Stage 3 -  Feedstock Transport
Transport distance km 330
Fuel consumption MJ/t.km 1.8
Fuel type Diesel
Stage 4 -  Conversion
Yield t soy oiFt soy 0.17
Natural gas MJ/t soy oil 5,447
Electricity imported MJ/t soy oil 1,476
Co-products
Quantity o f soymeal produced 
(used as animal feed)
t soymeaFt soy oil 4.32
Stage 5 -  Feedstock Transport
Transport distance km 13,000
Fuel consumption MJ/t.km 0.2
Fuel type HFO
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6.4.7 Consequential Senarios (marginal inventory modelling)
6.4.7.1 Legend
RefSys -  Reference System 
W -  Wheat
WtFuel -Waste-to-Fuel
W1 -  Wheat straw for ethanol
W2 -  Wheat straw for electricity
FtFeed -  Food-to-Feed
FtFuel -  Food-to-Fuel
e (prefix) -  Extensification / Organic
i -  Intensification
OSR -  Oilseed Rape
O SR l- OSR straw for ethanol
0SR2 -  OSR straw for electricity
3 (suffix) -  low yield (straw for ethanol)
4 (suffix) -  low yield (straw for electricity)
B -  Barley
SB -  Sugar Beet
ESP -  Scots Pine Forest
FEE -  European Larch Forest
FSS -  Sitka Spruce Forest
FDF -  Douglas Fir Forest
FOB -  Oak and Beech Forest
FAS -  Ash, Sycamore and Silver Birch Forest
e (suffix) -  Electricity
h -  Heat
chp -  Combined Heat and Power 
SA -  Set-Aside 
GL -  Grassland
XSA -  Expansion onto set-aside 
XGL -  Expansion onto grassland
E.g. “XGLiFueliW4” means expansion (X) o f wheat (W) for ethanol (Fuel) onto grassland (GL) under 
an intensive management system (i), assuming a low yield and straw used for electricity (4).
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6.4.72 Yields
Table 6.4.14 Yield changes on Current Cropland relative to normal management (extrapolated from 
AEA and NEA, 2008; Williams et a l ,  2006)
Crop Management Food Feed Fuel
Wheat
Organic / extensive -41% -42% -3594
Intensive 10% 10% 55%
Oilseed Rape
Organic / extensive -46% -34%
Intensive 10% 65%
Barley
Organic -42%
Intensive 10%
Sugar Beet
Extensive -48% -48%
Intensive 38% 38%
Table 6.4.15 Yield changes on Set-Aside relative to Current Cropland (extrapolated from AEA and 
NEA, 2008; Williams et al., 2006)
Crop Management Food Feed Fuel All
Wheat
Normal -10% -11% -22%
Organic / extensive -19% -11% -20%
Intensive -11% -11% -33% to -50%
Oilseed Rape
Normal -11% -17%
Organic / extensive -11% -15%
Intensive -11% -40% to -50%
Barley
Normal -11%
Organic -11%
Intensive -11%
Sugar Beet
Normal -31% -31%
Extensive -17% -17%
Intensive -25% -25% to -50%
Forestry species Intensive* 10%
* Yield changes in forestry species under intensive management are relative to a “normal” management
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Table 6.4.16 Yield changes on Permanent Grassland relative to Set-Aside (extrapolated from AEA and 
NEA, 2008; Williams et al., 2006)
Crop Management Food Feed Fuel AU
Wheat
Normal -50% -50% -35%
Organic / extensive -55% -50% -40%
Intensive -50% -50% -42% to -58%
Oilseed Rape
Normal -50% -34%
Organic / extensive -50% -25%
Intensive -50% -46% to -60%
Barley
Normal -50%
Organic / extensive -50%
Intensive -50%
Sugar Beet
Normal -48% -48%
Extensive -33% -33%
Intensive -38% -38% to -63%
Miscanthus
Normal -17%
Extensive -20%
Intensive -36%
Willow SRC
Normal -7%
Extensive -8%
Intensive -50%
Forestry species
Normal -20%
Intensive -1894
6.4.7.3 Strategies for Current Cropland (set A, B and C)
6.4.7.S. 1 Reference Systems for Existing Arable and Forestry land
6.4.7.3.1.1 Food 
6.4.7.3.L1.1 Wheat
7 .1 0 1 milling 
wheat
Food Animal Feed
3 .9 8 1 wheat straw
0 .391 feed wheat Soil
7 .681 wheat grain (gross yield) 
7 .4 9 1 wheat grain (net yield)
Wheat (RefSysW) 
1 ha.a (UK)
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6.4J.3.1.1.2 Oilseed rape
3 .171 rape straw
Soil
Food
3 .2 9 1 oilseed (gross yield)
^  9 ^  t  n ilco o H  r n o t  \/iolH \
1.20t refined rapeseed oil
Oilseed Rape (RefSysOSR)
1 h a  a  (\ lk ’\
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6.4.7.3.1.1.3 Sugar Beet
-2.6 t
agricultural lime
5.31 MWh 
electricity
2 .6 1 lime 8 .4 1 sugar
vinasses
5 .5 1 dry pulp
Food
6 .6 1 sugar beet tops
Animal Feed
5 8 1 sugar beet
Sugar Beet (RefSysSB) 
1 ha.a (UK)
6.4.7.3.1.2 Feed
6.4.7.3.1.2,1 Barley
2 .7 5 1 barley straw6 .4 9 1 barley grain (gross yield) 
6 .3 1 1 barley grain (net yield)
Barley (RefSysB) 
1 ha.a (UK)
Animal feed
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6.4.73.1.3 Forestry
6.4.7.S. 1.3.1 Scots Pine
0.71 odt 
available
0.71 odt 
branchwood
1.19 odt 
roundwood
1.54 odt 
sawlogs
0.21 odt waste 
wood chunks
0.51 odt stem tips 
and foliage
Landfill with energy recovery 
(0.20 MWh electricity)
Unutiiized woofuel resource
Non-fuel uses
Scots Pine Forest Residues (RefSysFSP) 
1 ha.a (UK)
6.4.7.3.1.3.2 European Larch
0.48 odt 
available
0.48 odt 
branchwood
0.85 odt 
roundwood
0.14 odt waste 
wood chunks
0.99 odt 
sawlogs
0.35 odt stem tips 
and foliage
Landfill with energy recovery 
(0.14 MWh electricity)
Unutilized wooduel resource
Non-fuel uses
Scots Pine Forest Residues (RefSysFEL) 
1 ha.a (UK)
6.4.7.3.1.3.3 Sitka Spruce
0.94 odt 
branchwood
0.94 odt 
available
1.68 odt 
roundwood
1.90 odt 
sawlogs
0.26 odt waste 
wood chunks
0.70 odt stem tips 
and foliage
Landfili with energy recovery 
(0.25 MWh electricity)
Unutilized woodfuel resource
Non-fuel uses
Scots Pine Forest Residues (RefSysFSS) 
1 ha.a (UK)
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6.4.7.3.1.3.4 Douglas Fir
1.26 odt 
available
2.41 odt 
roundwood
1.26 odt 
branchwood
2.28 odt 
sawlogs
0.32 odt waste 
wood chunks
0.97 odt stem tips 
and foliage
Landfill with energy recovery 
(0.31 MWh electricity)
Unutilized woodfuel resource
Non-fuel uses
Scots Pine Forest Residues (RefSysFDF) 
1 ha.a (UK)
6.4.7.3.1.3.5 Oak & Beech
0.23 odt 
branchwood
0.41 odt 
roundwood
0.41 odt 
available
0.23 odt 
available
0.46 odt 
sawlogs
0.06 odt waste 
wood chunks
Non-fuel uses
0.17 odt stem tips 
and foliage
Landfill with energy recovery 
(0.06 MWh electricity)
Unutilized woodfuel resource
Scots Pine Forest Residues (RefSysFOB) 
1 ha.a (UK)
6.4.7.3.1.3.6 Ash, Sycamore & Silver Birch
0.61 odt 
roundwood
0.34 odt 
branchwood
0.34 odt 
available
0.61 odt 
available
0.70 odt 
sawlogs
0.10 odt waste 
wood chunks
Non-fuel uses
0.25 odt stem tips 
and foliage
Landfill with energy recovery 
(0.10 MWh electricity)
Unutilized woodfuel resource
Scots Pine Forest Residues (RefSysFAS) 
1 ha.a (UK)
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6.4.T.3.2 Land-use strategy A: Diversion
6.4.7.3.2.1 Food-to-Feed
6.4.7.3.2.1.1 Wheat
-7 .681 wheat grain (gross yield) 
-7 .491 wheat arain fnet vield)
-3 .981 
wheat
-7 .101 milling wheat
-0 .391 feed 
wheat
-6 .511 dry feed wheat -1.0 kg phosphate 
fertiiiser
4 .1 3 1 
wheat
Food
7 .101 wheat 
orain
3.11 ha.a 
fCANI
SoilAnimal feed
8 .0 5 1 wheat grain (gross 
vieldl
Wheat (FtPeedW) 
1 ha.a fUKI
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6.4.V.3.2.2 Food-to-Fuel
6.4.T.3.2.2.1 Wheat
-7 .681 wheat grain (gross yield) 
-7 .491 wheat arain fnet vield)
-3 .981 
wheat
-7 .101 milling wheat ,"4- ■ -I
-0 .391 feed 
wheat
-1.41 tdry  
sovmeal
-0 .751 dry j 
feed wheat j
' -0.85 ha.a
! (ARG)
I -0.38 ha.a 
1 fCANI
0.08 ha.a 
0ND1
0.331 
oalm oil
2 .5 8 1 
DDGS
3 .5 0 1 
wheat
7 .101 wheat 
orain
Food
3.11 ha.a 
fCANI
Vehicle fuel
2 .2 7 1 bioethanol
3.3 kg phosphate 
fertiiiser
SoilAnimal feed & vegetable oil
7 .721 wheat grain
Wheat (FtFuelW) 
1 ha.a (UK1
-1.411 gasoline OR 
-1.20 ha.a (BRA)
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6.4.7.3.2.2.2 Oilseed rape
-3 .291 oilseed (gross 
vield^
-1.20t refined rapeseed oil I -3 .171 J 
I raoe straw i^4-
I I -0 .35 tdry  | 
j I feed wheat j
-1 .18tdry
sovmeal
I -0 .911 diesel 
! OR
1.471 
oalm oil
0.36
ha.a
2 .6 0 1 rape 
straw
Food
1.201 refined 
oalm oil
Animal feed & 
veaetable oil
Vehicle fuel
1 .061 biodiesel1 .671 rape 
meal
3.9 kg phosphate 
fertiliser
Soil
3 .031 oilseed
Oilseed Rape (FtFuelOSR) 
1 ha.a fUKI
6.4.7.3.2.2.3 Sugar Beet
-8.41 sugar
Food
-2.711 gasoline OR 
-2.32 ha.a (BRA)
Transport fuel
4.371 bloethanol
0.70 ha (BRA)
1 .4 1 sugar
Sugar Beet (FtFuelSB) 
1 ha.a (UK)
58 1 sugar beet
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6A.1323 Waste-to-Fuel
6.4.73.2.3.1 Wheat straw for ethanol
-51.5 kg I 
limestone !
Food
172 kg 
ash
51.5 kg 
lime
1 .041 bioethanol
Vehicle fuel 0.53 MWh 
electricity
Power piant fuel
7 .1 0 1 wheat grain 27.4 kg phosphate 
fertiliser
Soii
3 .981 wheat straw
Wheat (WtFuelWI) 
1 ha.a (UK)
-0 .641 gasoiine OR | 
-0.55 ha.a (BRA) !
-0 .201 coal
6.4.7.3.2.S.2 Wheat straw for electricity
-51.5 kg 
limestone
-1.011 coal
Food
172 kg 
ash
51.5 kg 
lime
27.4 kg phosphate 
fertiliser
7 .1 0 1 wheat grain
Power plant fuel 
(2.63 MWh electricity)
3 .981 wheat straw
Soil
Wheat (WtFuelW2) 
1 ha.a (UK)
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6A.13.233 Wheat straw for heat
Food
172 kg 
ash
51.5 kg 
lime
27.4 kg phosphate 
fertiliser
7.10 t wheat grain
Heat plant fuel 
(8.47 MWh heat)
3 .981 wheat straw
Soil
Wheat (WtFuelWS) 
1 ha.a (UK)
_______ 1----------- ,
; -51.5 kg !
.---------------------------------- -,
j -1,018m natural gas i
1 limestone [
6.4.73.2.3.4 Wheat straw for CHP
Food
172 kg 
ash
51.5 kg 
lime
27.4 kg phosphate 
fertiliser
7 .101 wheat grain 3 .981 wheat straw
CHP plant fuel 
(1.57 MWh electricity and 6.29 MWh heat)
Soil
Wheat (WtFuelW4) 
1 ha.a (UK)
____________1____________ ,
! -51.5 kg !
I _________________________1______________________________________________________1
! -0 .611 coal and }
1 limestone [ j -756 m  ^natural gas j
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6A.13.23.5 Oilseed rape straw for ethanol
-0 .161 coal
-0 .511 gasoline OR 
-0.44 ha.a (BRA)
-41.0 kg 
limestone
Food
137 kg 
ash
41.0 kg 
iime
3.23 t oilseed 21.8 kg phosphate 
fertiiiser
0 .831 bioethanol
Vehicle fuel
Power plant fuel 
(0.42 MWh electricity)
Soii
3 .1 7 1 rape straw
Oilseed Rape (WtPuelOSRI) 
1 ha.a (UK)
6.4.7.3.2.3.6 Oilseed rape straw for electrieity
-41.0 kg 
limestone
-0 .811 coal
Food
137 kg 
ash
41.0 kg 
iime
3 .231 oilseed 21.8 kg phosphate 
fertiliser
3 .171 rape straw
Power plant fuel 
(2.09 MWh electricity)
Soii
Oilseed Rape (WtFuelOSR2) 
1 ha.a (UK)
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6A.1323.1 Oilseed rape straw for heat
-811 natural gas
Food
137 kg 
ash
41.0 kg 
lime
3 .2 3 1 oilseed 21.8 kg phosphate 
fertiiiser
3 .171 rape straw
Heat piant fuel 
(6.75 MWh heat)
Soil
Oilseed Rape (WtFuelOSR3) 
1 ha.a (UK)
-41.0 kg 
limestone
6.4.7.3.23.8 Oilseed rape straw for CHP
-0 .4811 coal and 
-602 m^ natural gas
Food
137 kg 
ash
41.0 kg 
lime
3 .231 oilseed 21.8 kg phosphate 
fertiliser
3 .171 rape straw
Soii
CHP plant fuel 
(1.25 MWh electricity and 5.01 MWh heat)
Oilseed Rape (WtFuelOSR4) 
1 ha.a (UK)
-41.0 kg 
limestone
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6A.1323.9 Scots Pine forestry residues for electricity
Landfill with energy 
recovery----- 1
-4.1 kg 
limestone
-0 .421 coal 
OR 0.92 odt imported fuelwood
14 kg 
ash
4.1 kg lime
0.71 odt 
branchwood
1.19 odt 
round wood
0.71 odt 
available
0.21 odt waste 
wood chunks
1.54 odt 
sawlogs
0.51 odt stem tips 
and foliage
Power plant fuel 
(0.20 MWh electricity)
0 .081 coal
Power plant fuel 
(0.9 MWh electricity)
0.92 odt fuelwood
Non-fuel uses
Scots Pine Forest Residues (WtFuelSPe) 
1 ha.a (UK)
6.4.7.3.2.3.10 Scots Pine forestry residues for heat
Landfill with energy 
recovery
-341 m  ^natural gas 
OR 0.92 odt imported fuelwood
-4.1 kg 
limestone
14 kg 
ash
4.1 kg lime
0.71 odt 
branchwood
0.71 odt 
available
1.19 odt 
roundwood
0.21 odt waste 
wood chunks
1.54 odt
sawlogs
0.51 odt stem tips 
and foliage
0 .0 8 1 coal
Power plant fuel 
(0.20 MWh electricity)
0.92 odt fuelwood
Heat plant fuel 
(2.8 MWh heat)
Non-fuel uses
Scots Pine Forest Residues (WtFuelSPh) 
1 ha.a (UK)
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6.4.7.3.2.S. 11 Scots Pine forestry residues for combined heat & power
Landfill with energy 
recovery
(-0.281 coal AND -254 natural gas) 
OR 0.92 odt imported fuelwood
-4.1 kg 
limestone
14 kg 
ash
4.1 kg lime
1.19 odt 
roundwood
0.71 odt 
branchwood
0.71 odt 
available
1.54 odt 
sawlogs
0.21 odt waste 
wood chunks
0.51 odt stem tips 
and foliage
Power plant fuel 
(0.20 MWh electricity)
0 .0 8 1 coal
CHR plant fuel 
(0.5 MWhe and 2.1 MWht)
0.92 odt fuelwood
Non-fuel uses
Scots Pine Forest Residues (WtFuelSPchp) 
1 ha.a (UK)
6.4.7.3.2.3.12 Europeran Larch forestry residues for electricity
Scots Pine Forest Residues (WtFuelELe) 
1 ha.a (UK)
0.85 odt 
roundwood
0.35 odt stem tips 
and foliage
0.48 odt 
branchwood
0.99 odt 
sawlogs
V V 1 V
Non-fuel uses 0.48 odt 
available
0.14 odt waste 
wood chunks — I” ■►!
Landfill with energy 
recovery 
 1 -------------------------------
0.62 odt fuelwood
2.8 kg lime 4 — 9 kg 4— Power plant fuel Power plant fuel
ash (0.6 MWh electricity) (0.14 MWh electricity)
_______ 1_______ ,
I -2.8 kg 1 J
------------------------- 1____________________
-0 .181 coal 0 .0 5 1 coal
1 limestone [ 11___
OR 0.62 odt imported fuelwood
371
6.4.7.3.2.3.13 Europeran Larch forestry residues for heat
Scots Pine Forest Residues (WtFuelELh) 
1 ha.a (UK)
0.85 odt 0.35 odt stem tips 0.48 odt 0.99 odt
roundwood and foliage branchwood sawlogs
Non-fuel uses 0.48 odt 
available
0.14 odt waste 
wood chunks
_____ ' Landfill with energy
1 I recovery
0.62 odt fuelwood
2.8 kg lime 4— 9 kg ^ — Heat plant fuel Power plant fuel
ash (1.9 MWh heat) (0.14 MWh electricity)
_______ 1_______ ,
I -2.8 kg 1 j
_________________1____________________
-230 m^ natural gas 0 .0 5 1 coal
1 limestone [ 1
1___
OR 0.62 odt Imported fuelwood
6.4.7.3.2.3.14 Europeran Larch forestry residues for combined heat & power
Scots Pine Forest Residues (WtFuelELchp) 
1 ha.a (UK)
0.85 odt 0.35 odt stem tips 0.48 odt 0.99 odt
roundwood and foliage branchwood sawlogs
Non-fuel uses 0.48 odt 
available
0.14 odt waste 
wood chunks
_____ ' Landfill with energy
recovery 
1 -----------------1-------------------
0.62 odt fuelwood
2.8 kg lime 9 kg CHP plant fuel Power plant fuel
ash (0.4 MWhe and 1.4 MWht) (0.14 MWh electricity)
; -2.8 kg 1
,------------------------ " --------- --------------------- -,
1 (-0.081 coal AND-171 m natural gas) ' 0 .0 5 1 coal
1 limestone j 1 OR 0.62 odt Imported fuelwood 1
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6.4.7.3.2.3.15 Sitka Spruce forestry residues for electricity
1 Landfill with energy 
j recovery
-0 .351 coal 
OR 1.21 odt imported fuelwood
-5.5 kg I 
limestone '
18 kg 
ash
5.5 kg lime
0.94 odt 
branchwood
0.94 odt 
available
1.68 odt 
roundwood
1.90 odt 
sawlogs
0.26 odt waste 
wood chunks
0.70 odt stem tips 
and foliage
Power plant fuel 
(0.25 MWh electricity)
0 .1 0 1 coal
Power plant fuel 
(1.2 MWh electricity)
1.21 odt fuelwood
Non-fuel uses
Scots Pine Forest Residues (WtFuelSSe) 
1 ha.a (UK)
6.4.7.3.2.3.16 Sitka Spruce forestry residues for heat
Landfill with energy 
recovery-----1
-449 m^ natural gas 
OR 1.21 odt imported fuelwood
-5.5 kg 
limestone
18 kg 
ash
5.5 kg 
lime
0.94 odt 
branchwood
1.68 odt 
roundwood
0.94 odt 
available
1.90 odt 
sawlogs
0.26 odt waste 
wood chunks
0.70 odt stem tips 
and foliage
Power plant fuel 
(0.25 MWh electricity)
0 .1 0 1 coal
Heat plant fuel 
(3.7 MWh heat)
1.21 odt fuelwood
Non-fuel uses
Scots Pine Forest Residues (WtFuelSSh) 
1 ha.a (UK)
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6.4.7.3.2.3.17 Sitka Spruce forestry residues for combined heat & power
Landfill with energy 
recovery
(-0.171 coal AND -333 natural gas) 
OR 1.21 odt imported fuelwood
-5.5 kg 
limestone
18 kg 
ash
5.5 kg lime
1.68 odt 
roundwood
0.94 odt 
branchwood
0.94 odt 
available
1.90 odt 
sawlogs
0.26 odt waste 
wood chunks
0.70 odt stem tips 
and foliage
Power plant fuel 
(0.25 MWh electricity)
0 .1 0 1 coal
1.21 odt fuelwood
CHP plant fuel 
(0.7 MWhe and 2.8 MWht)
Non-fuel uses
Scots Pine Forest Residues (WtFuelSSchp) 
1 ha.a (UK)
6.4.7.3.2.3.18 Douglas Fir forestry residues for electricity
Landfill with energy 
I recovery
____I
-0.46 t coal 
OR 1.57 odt imported fuelwood
7.1 kg 
limestone
24 kg 
ash
7.1 kg 
lime
2.41 odt 
roundwood
1.26 odt 
branchwood
1.26 odt 
available
0.32 odt waste 
wood chunks
2.28 odt 
sawlogs
0.97 odt stem tips 
and foliage
Power plant fuel 
(0.31 MWh electricity)
0 .1 2 1 coal
1.57 odt fuelwood
Power plant fuel 
(1.5 MWh electricity)
Non-fuel uses
Scots Pine Forest Residues (WtFuelDFe) 
1 ha.a (UK)
374
6.4.7.3.2.3.19 Douglas Fir forestry residues for heat
Landfill with energy 
recovery
-583 natural gas 
OR 1.57 odt imported fuelwood
7.1 kg 
limestone
24 kg 
ash
7.1 kg 
lime
1.26 odt 
branchwood
1.26 odt 
available
2.41 odt 
roundwood
2.28 odt 
sawlogs
0.32 odt w a s t e  j
wood chunks ,
0.97 odt stem tips 
and foliage
Power plant fuel 
(0.31 MWh electricity)
0 .1 2 1 coal
Heat plant fuel 
(4.8 MWh heat)
1.57 odt fuelwood
Non-fuel uses
Scots Pine Forest Residues (WtFuelDFh) 
1 ha.a (UK)
6.4.7.3.2.3.20 Douglas Fir forestry residues for combined heat & power
Landfill with energy 
recovery-----1
(-0.231 coal AND -433 m^ natural gas) 
OR 1.57 odt imported fuelwood
7.1 kg 
limestone
24 kg 
ash
7.1 kg 
lime
1.26 odt 
branchwood
1.26 odt 
available
2.41 odt 
roundwood
0.32 odt waste 
wood chunks
2.28 odt 
sawlogs
0.97 odt stem tips 
and foliage
Power plant fuel 
(0.31 MWh electricity)
0 .1 2 1 coal
1.57 odt fuelwood
CHP plant fuel 
(0.9 MWhe and 3.6 MWht)
Non-fuel uses
Scots Pine Forest Residues (WtFuelDFchp) 
1 ha.a (UK)
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6.4.7.3.2.3.21 Oak & Beech forestry residues for eleetrieity
Broadleaf-mix Forest Residues (WtFuelOBe) 
1 ha.a (UK)
I I
0.17 odt stem tips 0.41 odt 0.23 odt 0.46 odt
and foliage roundwood branchwood sawlogs
I I
Non-fuel uses 0.41 odt 
available
0.23 odt 
available
0.06 odt waste 
wood chunks
1r 1r 1r
Landfill with energy 
recovery
0.7 odt fuelwood
T
.— 1 - - - -  
I -3.2 kg 
1 limestone
3.2 kg lime 4 — 11 kg 4 — Power plant fuel Power plant fuel
ash (0.7 MWh electricity) (0.06 MWh electricity)
■i ;■------------------------------------------------------- '
1 , -0 .241 coal j 0 .0 2 1 coal
! ' OR 0.7 odt Imported fuelwood i
6.4.7.3.2.3.22 Oak & Beeeh forestry residues for heat
I____W Landfill with energy
I I recovery
-263 m® natural gas 
OR 0.7 odt Imported fuelwood
-3.2 kg 
limestone
ash
3.2 kg lime
0.23 odt 
branchwood
0.41 odt 
available
0.23 odt 
available
0.41 odt 
roundwood
0.06 odt waste 
wood chunks
0.46 odt 
sawlogs
Non-fuel uses
0.17 odt stem tips 
and foliage
Power plant fuel 
(0.06 MWh electricity)
0 .021 coal
Heat plant fuel 
(2.2 MWh heat)
0.7 odt fuelwood
Broadleaf-mix Forest Residues (WtFuelOBh) 
1 ha.a (UK)
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6.4.7.3.2.3.23 Oak & Beech forestry residues for combined heat & power
l_ Landfill with energy 
I I recovery
r^
(-196 natural gas and -0.131 coal) 
OR 0.7 imported fuelwood
1 -3.2 kg :
I limestone '
11 kg 
ash
3.2 kg 
lime
0.23 odt 
available
0.23 odt 
branchwood
0.41 odt 
available
0.41 odt 
roundwood
0.46 odt 
sawlogs
0.06 odt waste 
wood chunks
Non-fuel uses
0.17 odt stem tips 
and foliage
0.021 coal
Power plant fuel 
(0.06 MWh electricity)
CHP plant fuel 
(1.6 MWht and 0.4 MWhe)
0.7 odt fuelwood
Broadleaf-mix Forest Residues (WtFuelOBchp) 
1 ha.a (UK)
6.4.7.3.2.3.24 Ash, Sycamore and Silver Birch forestry residues for electricity
_ ^  Landfill with energy 
I recovery
-0 .351 coal 
OR 1.0 odt Imported fuelwood
-4.8 kg 
limestone
16 kg 
ash
4.8 kg lime
0.61 odt 
roundwood
0.34 odt 
branchwood
0.34 odt 
available
0.61 odt 
available
0.10 odt waste 
wood chunks
0.70 odt 
sawlogs
0.25 odt stem tips 
and foliage
Non-fuel uses
Power plant fuel 
(0.10 MWh electricity)
0 .0 4 1 coal
Power plant fuel 
(1.0 MWh electricity)
1.0 odt fuelwood
Broadleaf-mix Forest Residues (WtFuelASe) 
1 ha.a (UK)
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6.4.7.3.2.3.25 Ash, Sycamore and Silver Birch forestry residues for heat
Landfill with energy i 
recovery J
-390 natural gas 
OR 1.0 odt imported fuelwood
-4.8 kg 
limestone
16 kg 
ash
4.8 kg 
lime
0.34 odt 
branchwood
0.34 odt 
available
0.61 odt 
available
0.61 odt 
roundwood
0.10 odt waste 
wood chunks
0.70 odt 
sawlogs
Non-fuel uses
0.25 odt stem tips 
and foliage
Power plant fuel 
(0.10 MWh electricity)
0.041 coal
Heat plant fuel 
(3.2 MWh heat)
1.0 odt fuelwood
Broadleaf-mix Forest Residues (WtFuelASe) 
1 ha.a (UK)
6.4.7.3.2.3.26 Ash, Sycamore and Silver Birch forestry residues for CHP
. _ L ^  Landfill with energy 
I I recovery
(-289 m  ^natural gas and -0.191 coal) 
OR 1.0 imported fuelwoodI limestone
16 kg 
ash
4.8 kg 
lime
0.61 odt 
roundwood
0.61 odt 
available
0.34 odt 
available
0.34 odt 
branchwood
0.10 odt waste 
wood chunks
0.70 odt 
sawlogs
Non-fuel uses
0.25 odt stem tips 
and foliage
0.041 coal
Power plant fuel 
(0.10 MWh electricity)
CHP plant fuel 
(2.4 MWht and 0.6 MWhe)
1.0 odt fuelwood
Broadleaf-mix Forest Residues (WtFuelASchp) 
1 ha.a (UK)
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6.4.7.33 Land-use strategy B: Extensification
6.4.7.3.3.1 Food
6.4.7.3.3.1.1 Organic Wheat
-7 .101 milling 
wheat !
-7 .681 wheat grain (gross yield) 
-7.49 t wheat nrain fnet vieldt
-0 .391 feed 
wheat
-0 .041 feed 
wheat
-0.02 ha.a 
fCANt
3 .871 
millinn
3.73 t 
wheat
0 .441 feed 
wheat
3 .231 wheat 
nrain
1.42 ha.a 
fCANI
Animal feedFood
1.7 kg phosphate 
fertiliser
Soil
4 .5 3 1 wheat grain (gross yield) 
4.81 t wheat nrain fnet vieldt
Wheat (ePoodW) 
1 ha.a fUKI
6.4.7.3.3.1.2 Organic Oilseed Rape
-3.291 oilseed (gross
viplrl^
-1.20t refined
ranp.<;ppH nil
-0.061 dry
fppri
-0.01 ha.a j -0.03 ha.a [ 
rr.AM  ^ I
0.571
n a lm  nil
0.14
h a  a
3.171 rape
Soil
Animal feed &
w pnpfah lp  nil
Food
0.561 refined palm oil
1.771 oilseed (gross
viplrit
0.641 refined rapeseed oil
Oilseed Rape (eFoodOSR)
1 h a  a  ri IK^
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6.4.73.3.2 Feed
6.4.7.3.3.2.1 Organic Wheat
-3.98 t 
wheat straw
-7 .681 wheat grain (gross yield) 
-7 .491 wheat grain (net yield)
-7 .101 milling 
wheat
-0 .391 feed wheat
-3 .491 dry feed wheat
-1.76 ha.a 
(CAN)
3 .7 3 1 
wheat straw
3.11 ha.a 
(CAN)
Food
7 .101 wheat 
grain
Soil
1.7 kg phosphate 
fertiliser
4 .6 3 1 wheat grain (gross yield) 
4 .4 0 1 wheat grain (net yield)
Animal feed
Wheat (ePeedW) 
1 ha.a (UK)
Ô.4.7.3.3.2.2 Organic Barley
-6 .491 barley grain (gross yield) 
-6 .311 barley grain (net yield)
-0 .061 
palm oil
-0.02 ha.a 
(IND)
1.451 dry 
feed wheat
0 .271 dry 
soymeal
0.16 ha.a 
(ARG)
0.73 ha.a 
(CAN)
2 .8 7 1 barley straw 2 .7 5 1 barley straw3 .771 barley grain (gross yield) 
3 .591 barley grain (net yield)
Animal feed & yegetable oil
Barley (eFeedB) 
1 ha.a (UK)
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6A7.3.3.3 Fuel
6.4.73.3.3.1 Wheat
Wheat (eFuelW)
1 ha.a (UK) 
 1---------
-7 .101 milling wheat -7 .681 wheat grain (gross yield) 
-7 .491 wheat grain (net yield)
5 .001 wheat gram -0.391 feed 
wheat 
1
1.421 bioethanol 1.621
DDGS
3.11 ha.a
CAN
0.2
oalnr
Ot
oil
i k
I -0 .881 dry } | -0 .351 dry |
I sovmeal ' ' feed wheat '
I -0.53 ha.a } | -0.17 ha.a \
I (ARG) I I (CAN) I
! -3 .981 !
1^  wheat straw j
Food
i v
Vehicle fuel
À
Animal feed & vegetable oil Soil
6.7 kg phosphate 
fertiliser
I -0 .881 gasoline OR i 
! -0.76 ha.a (BRA) !
382
6A7.3.3.3.2 Oilseed Rape
-3 .291 oilseed (gross yield) 
-3 .231 oilseed (net yield)
-1.20t refined rapeseed oil -3 .171 rape i 
straw !
-0 .771 dry 
soymeal I feed wheat
-0.47 ha.a 
(ARG)
-0.14 ha.a 
(CAN)
1.381 palm
0.34 ha.a 
(IND)
1.081 rape 
meal
2 .1 0 1 rape 
straw
Vehicle fuel
1.201 refined 
palm oil
Food
0 .691 biodiesel
Animal feed & 
vegetable oil
7.4 kg phosphate 
fertiliser
Soil
2 .0 0 1 oilseed
Oilseed Rape (ePuelGSR) 
1 ha.a (UK)
-0.591 diesel OR 
-0.59 ha.a (IND)
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6.4.7.3.4 Land-use strategy C: Intensification
6.4.7.3.4.1 Food
6.4.7.3.4.1.1 Wheat
-0 .391 feed wheat
-0 .031 feed wheat-0 .731 wheat 
grain
-0.02 ha.a 
(CAN)
3 .9 8 1 wheat 
straw
Soil
-7 .101 wheat 
grain
Food
0 .431 feed wheat8 .441 wheat grain (gross yield) 
8 .261 wheat grain (net yield)
7 .8 3 1 milling wheat Animal feed
Wheat (IFoodW) 
1 ha.a (UK)
6.4.7.3.4.1.2 Oilseed rape
-3 .291 oilseed (gross yield) 
-3 .231 oilseed (net yield)
I -3 .171 rape straw
-1.20t refined rapeseed oil
-2.2 kg phosphate fertiliser i
-0 .121 palm I
-0.121 refined palm oil
-0.03 ha.a ' 
(IND) I
0 .001 dry 
soymeal
0.00 ha.a 
(ARG)
0.01 t dry 
feed wheat
0.01 ha.a 
(CAN)
Animal feed & 
vegetable oil
3 .491 rape straw
Food
1.32t refined rapeseed oil
3 .621 oilseed (gross yield) 
3 .561 oilseed (net yield)
Soil
Oilseed Rape (IFoodOSR) 
1 ha.a (UK)
385
VD
OO
m
0  <upq
1
cn
v d
o Üq -s
0 5  (D
6 - °
CD
IU_•a o wlO
in
in
Q - _
CO 0 )
V % CO
o
CO
CM
OCO
00
o
6.4.7.3.4.2 Feed
6.4.7.S.4.2.1 Wheat
-7 .101 milling wheat -3 .981 
wheat straw
-7 .681 wheat grain (gross yield) 
-7 .491 wheat grain (net yield)
-0 .391 feed 
wheat
-1.0 kg phosphate 
fertiliser
-7 .201 dry feed wheat
-3.63 ha.a 
(CAN)
4 .1 3 1 wheat 
straw
7 .1 0 1 wheat 
grain
3.11 ha.a 
(CAN)
Food SoilAnimal feed
8 .8 6 1 wheat grain (gross yield) 
8 .671 wheat grain (net yield)
Wheat (iPeedW) 
1 ha.a (UK)
6.4.7.3.4.2.2 Barley
-6 .491 barley grain (gross yield) 
-6 .311 barley grain (net yield)
-0 .061 dry 
soymeal
-0 .361 dry 
feed wheat
-0.04 ha.a 
(ARG)
-0.18 ha.a 
(CAN)
0 .011 palm
0.00 ha.a 
(IND)
2 .7 5 1 wheat straw7 .1 4 1 braley grain (gross yield) 
6 .9 6 1 barley grain (net yield)
Animal feed
Barley (IFeedB) 
1 ha.a (UK)
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6.4.T.4 Strategies for Land Expansion onto Set-Aside (set D, E and F)
6.4.7.4.1 Reference System for Set-Aside
Set-Aside (RefSysSA) 
1 ha.a (UK)
6.4.T.4.2 Land-use strategy D: Expansion onto Set-Aside
6.4.7.4.2.1 Food
6.4.7.4.2.1.1 Wheat
Set-Aside 
-1 ha.a (UK)
1 r
-0 .301 dry feed wheat-6 .371 wheat 
grain
-0.15 ha.a 
(CAN)
-2.79 ha.a 
(CAN)
6 .3 7 1 milling 
wheat
Food
4 .0 2 1 wheat straw
Soil
0 .341 feed wheat
Animal feed
6 .8 9 1 wheat grain (gross yield) 
6 .7 1 1 wheat grain (net yield)
Wheat (XSAFoodW) 
1 ha.a (UK)
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6A.1A2.12  Oilseed Rape
Set-Aside 
-1 ha.a (UK)
-1 .071 palm
-0.27 ha.a 
(IND)
0.06 ha.a 
(CAN)
0 .0 3 1 dry 
soymeal
0 .121 dry 
feed wheat
0.02 ha.a 
(ARG)
2 .8 1 1 rape straw
Soil1.071 refined rapeseed oil
Food
2 .9 3 1 oilseed (gross yield) 
2 .871 oilseed (net yield)
Animal feed & vegetable oil
Oilseed Rape (XSAFoodOSR) 
1 ha.a (UK)
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6.4.7.4.2.2 Feed
6.4.7.4.2.2.1 Wheat
-6 .071 dry feed wheat
 +
I
-3.06 ha.a 
(CAN)
Soil
4 .1 3 1 wheat straw7 .1 7 1 wheat grain (gross yield) 
6 .9 8 1 wheat grain (net yield)
Animal feed
Wheat (XSAFeedW) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
6.4.7.4.2.2.2 Barley
-0 .521 dry 
soymeal
-4 .121 dry 
feed wheat
-0.31 ha.a 
(ARG)
-2.08 ha.a 
(CAN)
0 .121 palm
0.03 ha.a 
(IND)
2 .7 5 1 barley straw5 .781 barley grain (gross yield) 
5 .591 barley grain (net yield)
Barley (XSAFeedB) 
1 ha.a (UK)
Animal feed & vegetable oil
Set-Aside 
-1 ha.a (UK)
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6.4.7.4.2.3 Fuel
6.4.7.4.2.3.1 Wheat
-1.09tdry
soymeal
, -0.841 dry
! feed wheat
-0.65 ha.a i 
(ARG) 1
-0.43 ha.a i 
( C A N )  ;
0.251 
palm oil
0.06 ha.a 
(IND)
2.001 DDGS
Vehicle fuel
1.751 bioethanol
3.301 wheat straw
SoilAnimal feed & vegetable oil
6 1 wheat grain
Wheat (XSAFuelW) 
1 ha.a (UK)
Set-Aside i 
-1 ha.a (UK) j
-1.091 gasoiine OR 
-0.93 ha.a (BRA)
6.4.7.4.2.3.2 Oilseed Rape
-0 .761 diesel OR 
-0.76 ha.a (IND)
-0 .431 dry 
sovmeal
-0 .081 dry 
feed wheat
0.101 
oalm oil
0.02 ha.a 
(IND)
0 .631 rape 
meal
Animal feed & 
veaetable oil
0 .8 8 1 biodiesel
Vehicle fuel
Soil
1 .901 rape straw2 .5 1 oilseed
Oilseed Rape (XSAFuelOSR) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
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6.4.7.4.23.4 Miscanthus for electricity
340 kg 
ash
102 kg 
lime
Power plant fuel 
(10.9 MWh electricity)
1 8 1 biomass 
30% moisture content
Miscanthus (XSAFuelMe) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
-102 kg 
limestone
I 1____
-4 .181 coal
I__________________________
6.4.7.4.2.3.S Miscanthus for heat
340 kg 
ash
102 kg 
lime
1 8 1 biomass 
30% moisture content
Heat plant fuel 
(35.1 MWh heat)
Miscanthus (XSAFuelMh) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
-102 kg 
limestone
-4,215 m^ natural gas
I____________
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6.4.7.4.23.6 Miscanthus for CHP
340 kg 
ash
102 kg 
lime
1 8 1 biomass 
30% moisture content
CHP plant fuel 
(26.0 Mwht and 6.5 MWhe)
Miscanthus (XSAFueiMchp) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
_____I____
I -102 kg 
I limestone
____________ I______________
! -2 .511 coai and [
! -3,130 m  ^natural gas !
I_____________________________ '
6.4.7.4.2.S.7 Willow SRC for electricity
137 kg 
ash
41.0 kg 
lime
1 4 1 biomass 
50% moisture content
Power plant fuel 
(7.2 MWh electricity)
Willow SRC (XSAFuelSRCe) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
_____I____
I -41.0 kg 
I limestone
____________ I_______
I -2 .791 coal
I_________________
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6.4.7.4.2.3.S Willow SRC for heat
^r
137 kg 
ash
41.0 kg 
lime
Heat plant fuel 
(23.4 MWht heat)
1 4 1 biomass 
50% moisture content
Willow SRC (XSAFuelSRCh) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
-41.0 kg 
limestone
____________ I______________
! -2,810 m^ natural gas |
I_____________________________ '
6.4.7.4.2.3.1 Willow SRC for CHP
137 kg 
ash
41.0 kg 
lime
1 4 1 biomass 
50% moisture content
CHP plant fuel 
(17.4 MWht and 4.3 MWhe)
Willow SRC (XSAFuelSRCchp) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
-41.0 kg 
limestone
I
____________ I_____________
I -2,087 m^ natural gas and 
! -1 .671 coalI__________________________
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6.4.7.4.2.3.1 Scots Pine
75 kg 
ash
22.6 kg 
lime
101 biomass 
50% moisture content
CHP plant fuel 
(2.9 MWh electricity and 11.5 MWh heat)
Scots Pine (XSAFueISP) 
1 ha.a (UK)
-1.11 tcoal and 
-1,384 m  ^natural gas
Set-Aside 
-1 ha.a (UK)
-22.6 kg 
iimestone
6.4.7.4.2.3.2 European Larch
Set-Aside 
-1 ha.a (UK)
-0.751 coal and 
-938 m  ^natural gas
-15.3 kg 
limestone
51 kg 
ash
15.3 kg 
lime
6 .81 biomass 
50% moisture content
CHP plant fuel 
(2.0 MWh electricity and 7.8 MWh heat)
European Larch (XSAFuelEL) 
1 ha.a (UK)
6.4.7.4.2.3.3 Sitka Spruce
Set-Aside 
-1 ha.a (UK)
100 kg 
ash
29.9 kg 
iime
CHP plant fuel 
(3.8 MWh electricity and 15.3 MWh heat)
13 .31 biomass 
50% moisture content
Sitka Spruce (XSAFueISS) 
1 ha.a (UK)
-1 .471 coal and 
-1,834 m® natural gas
-29.9 kg
limestone
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6.4.7.4.2.S.4 Douglas Fir
Set-Aside 
-1 ha.a (UK)
133 kg 
ash
39.8 kg 
lime
Douglas Fir (XSAFuelDF) 
1 ha.a (UK)
17 .71 biomass 
50% moisture content
CHP plant fuel 
(5.1 MWh electricity and 20.3 MWh heat)
-1 .951 coal and 
-2,436 m  ^natural gas
-39.8 kg 
limestone
6.4.7.4.2.3.5 Oak & Beech
Set-Aside 
-1 ha.a (UK)
24 kg 
ash
7.3 kg 
iime
Oak, Beech (XSAFuelOB) 
1 ha.a (UK)
CHP plant fuel 
(0.9 MWh electricity and 3.7 MWh heat)
3 .3 1 biomass 
50% moisture content
-0 .361 coal and 
-449 m^ natural gas
-7.3 kg 
limestone
6.4.7.4.2.3.6 Ash, Sycamore & Silver Birch
Set-Aside 
-1 ha.a (UK)
36 kg 
ash
10.9 kg 
lime
CHP plant fuel 
(1.4 MWh electricity and 5.6 MWh heat)
Ash, Silver Birch (XSAFuelAS) 
1 ha.a (UK)
4 .9 1 biomass 
50% moisture content
-0 .531 coal and 
-668 m  ^natural gas
-10.9 kg 
limestone
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6A.1A2A  Timber
6.4.7.4.2.4.1 Scots Pine
Set-Aside 
-1 ha.a (UK)
14 kg 
ash
4.1 kg 
iime
lo t  biomass 
50% moisture content
3 .11 timber 
50% moisture content
CHP plant fuel 
(0.5 MWh electricity and 2.1 MWh heat)
1.841 wood fuel 
50% moisture content
Scots Pine (XSATimberSP) 
1 ha.a (UK)
-0.201 coal and 
-254m^ natural gas
-4.1 kg
imestone
6.4.7.4.2.4.2 European Larch
Set-Aside 
-1 ha.a (UK)
9 kg 
ash lime
6 .81 biomass 
50% moisture content
2 .01 timber 
50% moisture content
1.241 wood fuel 
50% moisture content
CHP plant fuel 
(0.4 MWh electricity and 1.4 MWh heat)
European Larch (XSATimberEL) 
1 ha.a (UK)
-0.141 coai and 
-171 m  ^natural gas
-2.8 kg
imestone
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6.4.7.4.2.4.3 Sitka Spruce
Set-Aside 
-1 ha.a (UK)
18 kg 
ash
5.4 kg 
lime
13.31 biomass 
50% moisture content
3 .81 timber 
50% moisture content
2.421 wood fuel 
50% moisture content
CHP plant fuel 
(0.7 MWh electricity and 2.8 MWh heat)
Sitka Spruce (XSATimberSS) 
1 ha.a (UK)
-0.271 coal and 
-333 m  ^natural gas Iimestone
6.4.7.4.2.4.4 Douglas Fir
Set-Aside 
-1 ha.a (UK)
24 kg 
ash
7.1 kg 
lime
17.71 biomass 
50% moisture content
4 .6 1 timber 
50% moisture content
CHP plant fuel 
(1.5 MWh electricity and 6.0 MWh heatt)
3.141 wood fuel 
50% moisture content
Douglas Fir (XSATimberDF) 
1 ha.a (UK)
-0.581 coal and 
-722 m  ^natural gas
-7.1 kg
imestone
6.4.7.4.2.4.5 Oak & Beech
Set-Aside 
-1 ha.a (UK)
ash
3.2 kg 
lime
0 .91 timber 
50% moisture content
3 .31 biomass 
50% moisture content
1.421 wood fuel 
50% moisture content
CHP plant fuel 
(0.7 MWh electricity and 2.7 MWh heat)
Oak, Beech (XSATimberOB) 
1 ha.a (UK)
-0.261 coal and 
-327 m  ^natural gas
-3.2 kg
Iimestone
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6.4.7.4.2.4.6 Ash, Sycamore & Silver Birch
Set-Aside 
-1 ha.a (UK)
16 kg 
ash
4.7 kg 
lime
4 .91 biomass 
50% moisture content
1.41 timber 
50% moisture content
2.101 wood fuel 
50% moisture content
CHP plant fuel 
(1.0 MWh electricity and 4.0 MWh heat)
Ash, Silver Birch (XSATimberAS) 
1 ha.a (UK)
-0.391 coai and 
-483 m  ^natural gas
-4.7 kg 
limestone
6.4.7.4.2.5 Sink
6.4.7.4.2.5.1 Scots Pine
1 0 1 biomass 
(5), 50% moisture content
Scots Pine (XSASinkSP) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
6.4.7.4.2.S.2 European Larch
6 .8 1 biomass 
@ 50% moisture content
European Larch (XSASinkEL) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
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6.4.7.4.2.5.3 Sitka Spruce
Sitka Spruce (XSASinkSS) 
1 ha.a (UK)
13 .31 biomass 
50% moisture content
Set-Aside 
-1 ha.a (UK)
6.4.7.4.2.5.4 Douglas Fir
17 .71 biomass 
50% moisture content
Douglas Fir (XSASinkDF) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
6.4.7.4.2.S.5 Oak & Beech
3 .3 1 biomass 
50% moisture content
Oak, Beech (XSASinkOB) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
6.4.7.4.2.5.6 Ash, Sycamore & Silver Birch
4 .9 1 biomass 
50% moisture content
Ash, Silver Birch (XSASinkAS) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
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6.4.7.4.S Land-use strategy E: Expansion onto Set-Aside with Extensification
6.4.7.43.1 Food
6.4.7.4.3.1.1 Wheat
Set-Aside 
-1 ha.a (UK)
-0 .301 dry feed wheat-3 .091 wheat 
grain
-0.15 ha.a 
(CAN)
-1.36 ha.a 
(CAN)
Food
3 .091 milling 
wheat
3 .731 wheat straw
Soil
0 .351 feed wheat
Animal feed
3 .6 7 1 wheat grain (gross yield) 
3 .4 4 1 wheat grain (net yield)
Wheat (XSAeFoodW) 
1 ha.a (UK)
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6.4.7.4.3.1.2 Oilseed Rape
Set-Aside 
-1 ha.a (UK)
-0 .591 
palm oil
-0.15 ha.a 
(IND)
0.03 ha.a 
(CAN)
0 .071 dry 
feed wheat
0 .0 2 1 dry 
soymeal
0.01 ha.a 
(ARG)
Soil
2 .811 rape straw
Food
0.581 refined rapeseed oil
1 .571 oilseed (gross yield) 
1 .511 oilseed (net yield)
Animal feed & vegetable oil
Oilseed Rape (XSAeFoodOSR) 
1 ha.a (UK)
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6.4.7.43.2 Feed
6.4.7.4.3.2.1 Wheat
3 .731 wheat straw
SoilAnimal feed
4 .1 2 1 wheat grain (gross yield) 
3 .891 wheat grain (net yield)
Wheat (XSAFeedW) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
-3 .381 dry feed wheat
  V  .........
I
-1.71 ha.a 
(CAN)
6.4.7.43.2.2 Barley
-2 .841 dry 
feed wheat
-0 .281 dry 
soymeai
-1.43 ha.a 
(CAN)
-0.17 ha.a 
(ARG)
0 .061 palm
0.02 ha.a 
(IND)
2 .8 7 1 barley straw3 .351 barley grain (gross yield) 
3 .171 barley grain (net yield)
Barley (XSAeFeedB) 
1 ha.a (UK)
Animal feed & vegetable oil
Set-Aside 
-1 ha.a (UK)
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6.4.7.4.3.S Fuel
6.4.7.4.3.3.1 Wheat
Set-Aside 
-1 ha.a (UK)
J -0 .551 dry 
I feed wheat
-0 .711 dry 
soymeal
-0.28 ha.a 
(CAN)
-0.43 ha.a 
(ARG)
0 .161 
palm oil
0.04 ha.a 
(IND)
1.301 
DDGS
3 .101 wheat 
straw
Soil 1.141 bioethanol
Vehicle fuel Animal feed & vegetable oil
4 1 wheat grain
Wheat (XSAeFuelW) 
1 ha.a (UK)
-0 .711 gasoline OR 
-0.61 ha.a (BRA)
6.4.7.4.3.3.2 Oilseed Rape
-0 .511 diesel OR 
-0.51 ha.a fINDI
-0 .301 dry 
sovmeal
-0 .051 dry 
feed wheat
-0.18 ha.a i 
fARGI !
-0.03 ha.a » 
fCANI !
0 .0 7 1 
oalm oil
0.02 ha.a 
fINDI
0 .431 rape 
meal
Animal feed & 
veaetable oil
0 .601 biodiesel
Vehicle fuel
1 .501 rape straw
Soil
1 .7 1 oilseed
Oilseed Rape (XSAeFuelOSR) 
1 ha.a fUKI
Set-Aside 
-1 ha a ri IKt
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6.4.7.4.3.S.4 Miscanthus for electricity
284kg
ash
85 kg lime
1 5 1 biomass 
30% moisture content
Power plant fuel 
(9.06 MWh electricity)
Miscanthus (XSAeFuelMe) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
-85 kg 
limestone
I
 I____
-3 .491 coal
I______________
6.4.7.4.3.3.S Miscanthus for heat
284 kg 
ash
85 kg lime
1 5 1 biomass 
30% moisture content
Heat plant fuel 
(29.2 MWh heat)
Miscanthus (XSAeFuelMh) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
_____I____
I -85 kg 
I limestone
-3,513 m natural gas
I_________
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6.4.7.4.3.3.6 Miscanthus for CHP
284 kg 
ash
85 kg lime CHP plant fuel 
(21.7 MWh and 5.4 MWhe)
1 5 1 biomass 
30% moisture content
Miscanthus (XSAeFuelMchp) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
_________ 1_________ ,
1 -85 kg I
, ------------------ a --------------------------- ,
[ -2,608 m natural gas and [
1 limestone [ [ -2 .091 coal [
6.4.7.4.3.3.7 Willow SRC for electricity
127 kg 
ash
38.0 kg 
lime
1 3 1 biomass 
50% moisture content
Power plant fuel 
(6.7 MWh)
Willow SRC (XSAeFuelSRCe) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
_____I____
I -38.0 kg 
I iimestone
I
 I_____
-2 .591 coal
I_____________________________ '
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6.4.7A3.3.8 Willow SRC for heat
127 kg 
ash
38.0 kg 
lime
1 3 1 biomass 
50% moisture content
Heat plant fuel 
(21.7 MWht heat)
Willow SRC (XSAeFuelSRCh) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
I------------------- *-------------------1
; -38.0 kg I
I limestone !
____________ I_____________
! -2,610 m^ natural gas
I__________________________
6.4.7.4.3.3.1 Willow SRC for CHP
127 kg 
ash
38.0 kg 
lime
CHP plant fuel 
(16.1 MWht and 4.0 MWhe)
1 3 1 biomass 
50% moisture content
Willow SRC (XSAeFuelSRCchp) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
 1------
I -38.0 kg 
I limestone
I--------------------- ■
I -1,938 m  ^natural gas and I 
! -1.55 tcoal I
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6 .4 .7 .4 .4  Land-use strategy F: E xpansion onto Set-A side w ith  Intensification
6.4 .7 .4 .4 .1  Food
6.4 .7 .4 .4 .1 .1  W heat
Set-Aside 
-1 ha.a (UK)
-0 .3 2 1 dry feed wheat-6 .9 6 1 wheat 
grain
-0.16 ha.a 
(CAN)
-3.05 ha.a 
(CAN)
6 .9 6 1 milling 
wheat
Food
3 .9 8 1 wheat straw
Soil
0 .3 7 1 feed wheat
Animal feed
7 .5 2 1 wheat grain (gross yieid) 
7 .3 3 1 wheat grain (net yield)
Wheat (XSAiFoodW) 
1 ha.a (UK)
415
6.4.7.4.4.1.2 Oilseed Rape
Set-Aside 
-1 ha.a (UK)
-1 .18 t 
palm oil
-0.29 ha.a 
(IND)
0 .0 4 1 dry 
soymeal
0.13 tdry  
feed wheat
0.07 ha.a 
(CAN)
0.02 ha.a 
(ARG)
3 .1 0 1 rape straw
SoliFood
1 .1 7 1 refined rapeseed oil
3 .2 2 1 oilseed (gross yield) 
3 .1 6 1 oilseed (net yield)
Animal feed & vegetable oil
Oilseed Rape (XSAIFoodOSR) 
1 ha.a (UK)
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6.4 .7 .4 .4 .1  Feed
6 .4 .7 .4 .4 .1 .1  W heat
-6 .7 0 1 dry feed wheat
4------------
I
-3.38 ha.a 
(CAN)
Soil
4 .1 3 1 wheat straw7 .8 8 1 wheat grain (gross yield) 
7 .7 0 1 wheat grain (net yieid)
Animai feed
Wheat (XSAiFeedW) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
6 .4 .7 .4 .4 .1 .2  B arley
-4 .4 4 1 dry 
feed wheat
-0 .5 7 1 dry 
soymeal
-2.24 ha.a 
(CAN)
-0.35 ha.a 
(ARG)
0 .1 3 1 palm
0.03 ha.a 
(IND)
2 .7 5 1 barley 
straw
6 .3 6 1 barley grain (gross yield) 
6 .1 7 1 barley grain (net yield)
Animal feed & vegetable oil
Barley (XSAIFeedB) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
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6.4.7.4.4.2 Fuel
6.4.7.4.4.2.1 Wheat (straw for ethanol)
Set-Aside 
-1 ha.a (UK)
-1 .1 0 1 dry 
feed wheat
-1.41 tdry  
soymeal
-0.55 ha.a i 
(CAN) !
-0.85 ha.a 
(ARG)
-1 .4 1 1 gasoline OR 
-1.21 ha.a (BRA)
-0 .5 7 1 gasoline 
OR -0.49 ha.a
-0 .1 8 1 coal
0 .3 3 1 
palm oil
0.08 ha.a 
(IND)
2 .6 0 1 
DDGS
0.91 t 
bloethanol
Vehicle fuel
2 .2 8 1 bloethanol
0.46 MWh 
electricity
Power plant fuel
Vehicle fuel
3 .5 1 wheat straw
Animal feed & vegetable oil
t wheat grain
Wheat (XSAIFuelWI) 
1 ha.a (UK)
6 .4 .7 .4 .4 .2 .2  W heat (straw for CHP)
Set-Aslde 
-1 ha.a (UK)
-1 .4 1 1 dry 
soymeal
[ - I . IO td ry  
I feed wheat
-0.55 ha.a 
(CAN)
I -0.85 ha.a 
I (ARG)
-1 .4 1 1 gasoline OR 
-1.21 ha.a (BRA)
-0 .5 3 1 coal and 
-665 m  ^natural gas
0 .3 3 1 
palm oil
0.08 ha.a 
(IND)
2 .6 0 1 DDGSCHP plant fuel
1.4 MWh electricity 
and 5.5 MWh heat
2 .2 8 1 bloethanol
Vehicle fuel
3 .5 0 1 wheat straw
Animal feed & vegetable oil
t wheat grain
Wheat (XSAIFuelW2) 
1 ha.a (UK)
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6.4.7.4.4.2.1 Wheat (straw for CHP, low yield)
Set-Aside 
-1 ha.a (UK)
-1.06tdry
soymeai
! -0 .821 dry
' feed wheat
-0.64 ha.a i 
(ARC) !
-0.42 ha.a i 
(CAN) I
0 .251 
palm oil
0.06 ha.a 
(IND)
1.951 
DDGS
CHP plant fuel
1.3 MWh electricity 
and 5.2 MWh heat
3 .301 wheat straw
Vehicle fuel
1.711 bioethanol
Animal feed & vegetable oil
6 1 wheat grain
Wheat (XSAiFuelW4) 
1 ha.a (UK)
I -0.501 coal and 
! -627 m® natural gas
I -1.061 gasoline OR 
! -0.91 ha.a (BRA)
6 .4 .7 .4 .4 .2 .2  O ilseed  Rape (straw for ethanol)
Set-Aside 
-1 ha.a (UK)
-0 .5 2 1 dry 
sovmeal
-0 .1 0 1 dry | 
feed wheat [
-0.31 ha.a 
(ARG)
-0.05 ha.a 
(CAN)
-0.13 t coal-0 .4 2 1 gasoline OR  
-0.36 ha.a (BRA)
I -0.91 t diesel OR 
! -0.91 ha.a (IND)
0.121 
palm oil
0.03 ha.a 
(IND)
0 .7 6 1 rape 
meal
Animal feed & 
vegetable oil
1 .0 5 1 biodiesel
Vehicle fuel
Power plant fuel
0.34 MWh 
electricity
0 .6 8 1 bloethanol
Vehicle fuel
2 .6 1 rape straw3 .0 1 oilseed
Oilseed Rape (XSAIFuelOSRI) 
1 ha.a (UK)
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6.4.7.4.4.2.1 Oilseed Rape (straw for CHP)
-0.101 dry-0.521 dry 
soymeai
-0.31 ha.a 
(ARG)
-0.05 ha.a 
(CAN)
0.12t 
palm oil
0.03 ha.a 
(IND)
0.761 rape 
meal
Animal feed & 
vegetable oil
1.051 biodiesel
Vehicle fuel
CHP plant fuel
1.0 MWh electricity 
and 4.1 MWh heat
2 .6 1 rape straw3 .0 1 oilseed
Oilseed Rape (XSAiFuelOSR2) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
-0.911 diesel OR 
-0.91 ha.a (IND)
-0.401 coal and 
-494 m  ^natural gas
6 .4 .7 .4 .4 .2 .2  O ilseed  Rape (straw for ethanol, lo w  yield )
Set-Aside 
-1 ha.a (UK)
-0 .0 8 1 dry 
feed wheat
-0.43 t dry 
soymeai
I -0.04 ha.a 
i (CAN)
I -0.26 ha.a 
! (ARG)
-0 .1 0 1 coal-0 .3 1 1 gasoline OR i 
-0.26 ha.a (BRA) 1
-0 .7 6 1 diesel OR 
-0.76 ha.a (IND)
0.101 
palm oil
0.02 ha.a 
(IND)
0 .6 3 1 rape 
meal
Animal feed & 
vegetable oil
0 .8 8 1 biodiesel
Vehicle fuel
0 .5 0 1 bioethanol
Vehicle fuel
Power plant fuel
0.25 MWh 
electricity
1 .9 0 1 rape straw2 .5 1 oilseed
Oilseed Rape (XSAiFuelOSRS) 
1 ha.a (UK)
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6.4.7.4.4.2.1 Oilseed Rape (straw for CHP, low yield)
Set-Aside 
-1 ha.a (UK)
-0 .4 3 1 dry 
soymeai
-0 .0 8 1 dry 
feed wheat
I -0.26 ha.a 
! (ARG)
I -0.04 ha.a 
! (CAN)
0.10 t 
palm oil
0.02 ha.a 
(IND)
0 .6 3 1 rape 
meal
Animal feed & 
veqetable oil
0 .8 8 1 biodiesel
Vehicle fuel
1 .9 0 1 rape straw
CHP plant fuel
0.8 MWh electricity 
and 3.0 MWh heat
2 .5 1 oiiseed
Oilseed Rape (XSAiFuelOSR4) 
1 ha.a (UK)
! -0 .7 6 1 diesel OR  
I -0.76 ha.a (IND)
-0 .2 9 1 coal and 
-361 m  ^natural
423
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6.4.7.4.4.2.4 Miscanthus for electricity
529kg
ash
159 kg 
lime
2 8 1 biomass 
30% moisture content
Power plant fuel 
(16.9 MWh electricity)
Miscanthus (XSAiFuelMe) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
-159 kg 
limestone
I 1____
-6 .5 1 1 coal
I___________________________________ '
6 .4 .7 .4 .4 .2 .5  M iscanthus for heat
529 kg 
ash
159 kg 
lime
2 8 1 biomass 
30% moisture content
Heat plant fuel 
(54.5 MWh heat)
Miscanthus (XSAiFuelMh) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
j-----------*---------- 1
I -159 kg 1 
I limestone !
-6,557 m natural gas
I___________________________________ '
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6.4.T.4.4.2.6 Miscanthus for CHP
529 kg 
ash
159 kg 
lime
2 8 1 biomass 
30% moisture content
CHP piant fuel 
(40.5 MWhtand 10.1 MWhe)
Miscanthus (XSAiFuelMchp) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
____ I____
[ -159 kg
I iimestone
I -4,869 m natural gas and 
! -3 .9 0 1 coalI_______________________
6 .4 .7 .4 .4 .2 .7  W illow  SRC for electricity
273 kg 
ash
81.9 kg 
lime
2 8 1 biomass 
50% moisture content
Power plant fuel 
(14.5 MWh electricity)
Wiiiow SRC (XSAiPuelSRCe) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
 I___
-81.9 kg 
limestone
I 1___
-5 .5 8 1 coal
I__________________________________ I
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6.4.7.4.4.2.S Willow SRC for heat
273 kg 
ash
81.9 kg 
lime
2 8 1 biomass 
50% moisture content
Heat plant fuel 
(46.8 MWh heat)
Willow SRC (XSAIFuelSRCh) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
-81.9 kg 
limestone
5,621 m natural gas
I__________
6.4 .7 .4 .4 .2 .1  W illow  SRC for CHP
273 kg 
ash
81.9 kg 
lime
CHP plant fuel 
(34.7 MWht and 8.7 MWhe)
2 8 1 biomass 
50% moisture content
Willow SRC (XSAiFuelSRCchp) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
-^ - - - - - - - - - - - - - I- - - - - - - - - - - - - 1
I -81.9 kg 1 
I iimestone !
___________ I___________
I -4,173 m  ^natural gas and 
! -3 .3 4 1 coal
I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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6.4.7.4.4.2.1 Scots Pine
Set-Aside 
-1 ha.a (UK)
-1 .2 2 1 coal and 
-1,522 natural qas
-24.9 kg 
Iimestone
83 kg 
ash
24.9 kg 
lime
1 1 1 biomass 
@ 50% moisture content
CHP plant fuel 
(3.2 MWh electricity and 12.7 MWh heat)
Scots Pine (XSAIFuelSP) 
1 ha.a (UK)
6 .4 .7 .4 .4 .2 .2  European Larch
Set-Aslde 
-1 ha.a (UK)
56 kg 
ash
16.8 kg 
lime
CHP plant fuel 
(2.1 MWh electricity and 8.6 MWh heat)
European Larch (XSAIFuelEL) 
1 ha.a (UK)
7 .5 1 biomass 
50% moisture content
-0 .8 3 1 coal and 
-1,032 m  ^natural gas
-16.8 kg 
limestone
6 .4 .7 .4 .4 .2 .3  Sitka Spruce
Set-Aslde 
-1 ha.a (UK)
110 kg 
ash
32.9 kg 
lime
Sitka Spruce (XSAIFueISS) 
1 ha.a (UK)
CHP plant fuel 
(4.2 MWh electricity and 16.8 MWh heat)
14 .6 1 biomass 
50% moisture content
-1.61 tcoal and 
-2,017 m  ^natural gas
-32.9 kg 
Iimestone
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6.4.T.4.4.2.4 Douglas Fir
Set-Aside 
-1 ha.a (UK)
-2 .1 4 1 coal and 
-2,680 m® natural gas
-43.8 kg 
limestone
146 kg 
ash
43.8 kg 
lime
CHP plant fuel 
(5.6 MWh electricity and 22.3 MWh heat)
Douglas Fir (XSAiFuelDF) 
1 ha.a (UK)
19 .4 1 biomass 
50% moisture content
6 .4 .7 .4 .4 .2 .5  Oak & B eech
Set-Aside 
-1 ha.a (UK)
27 kg 
ash
8.1 kg 
lime
3 .6 1 biomass 
50% moisture content
Oak, Beech (XSAiFuelOB) 
1 ha.a (UK)
CHP plant fuel 
(1.0 MWh electricity and 4.1 MWh heat)
-0 .4 0 1 coal and 
-494 m  ^natural gas
-8.1 kg 
limestone
6 .4 .7 .4 .4 .2 .6  A sh, Sycam ore & Silver Birch
Set-Aside 
-1 ha.a (UK)
40 kg 
ash
12.0 kg 
lime
Ash, Silver Birch (XSAiFuelAS) 
1 ha.a (UK)
5 .3 1 biomass 
50% moisture content
CHP plant fuel 
(1.5 MWh electricity and 6.1 MWh heat)
-0 .5 9 1 coal and 
-735 m  ^natural gas
-12.0 kg 
limestone
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6.4.T.4.4.3 Timber
6.4 .7 .4 .4 .3 .1  Scots Pine
Set-Aside 
-1 ha.a (UK)
r^
15kg
ash
4.6 kg 
lime
3 .4 1 timber 
50% moisture content
1 1 1 biomass 
50% moisture content
2 .021 wood fuel 
50% moisture content
CHP plant fuel 
(0.6 MWh electricity and 2.3 MWh heat)
Scots Pine (XSAiTimberSP) 
1 ha.a (UK)
-0.221 coal and 
-279 m  ^natural gas
-4.6 kg 
limestone
6 .4 .7 .4 .4 3 .2  European Larch
Set-Aside 
-1 ha.a (UK)
10kg
ash
3.1 kg 
lime
7 .5 1 biomass 
50% moisture content
2 .2 1 timber 
50% moisture content
CHP plant fuel 
(0.4 MWh electricity and 1.6 MWh heat)
1.361 wood fuel 
50% moisture content
European Larch (XSAiTimberEL) 
1 ha.a (UK)
-0.151 coal and 
-188 m  ^natural gas
-3.1 kg 
limestone
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6.4.7.4.4.3.3 Sitka Spruce
Set-Aside 
-1 ha.a (UK)
20kg
ash
6.0 kg 
lime
4 .2 1 timber 
50% moisture content
14.61 biomass 
50% moisture content
2.661 wood fuel 
50% moisture content
CHP plant fuel 
(0.8 MWh electricity and 3.1 MWh heat)
Sitka Spruce (XSAiTimberSS) 
1 ha.a (UK)
-0.291 coal and 
-367 m  ^natural gas
 1__
-6.0 kg 
limestone
6 .4 .7 .4 .4 .3 .4  D ouglas Fir
Set-Aside 
-1 ha.a (UK)
26kg
ash
7.8 kg 
lime
19.41 biomass 
50% moisture content
5 .0 1 timber 
50% moisture content
3.451 wood fuel 
50% moisture content
CHP plant fuel 
(1.7 MWh electricity and 6.6 MWh heat)
Douglas Fir (XSAiTimberDF) 
1 ha.a (UK)
-0.641 coal and 
-795 m  ^natural gas
-7.8 kg 
limestone
6 .4 .7 A 4 .3 .5  Oak & B eech
Set-Aside 
-1 ha.a (UK)
12 kg 
ash
3.5 kg 
lime
3 .6 1 biomass 
50% moisture content
1 .01 timber 
50% moisture content
1.561 wood fuel 
50% moisture content
CHP plant fuel 
(0.7 MWh electricity and 3.0 MWh heat)
Oak, Beech (XSAiTimberOB) 
1 ha.a (UK)
-0.291 coal and 
-359 m  ^natural gas
-3.5 kg 
limestone
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6.4.7.4.4.3.6 Ash, Sycamore & Silver Birch
Set-Aside 
-1 ha.a (UK)
17 kg 
ash
5.2 kg 
lime
5 .3 1 biomass 
50% moisture content
1.51 timber 
50% moisture content
CHP plant fuel 
(1.1 MWh electricity and 4.4 MWh heat)
2.311 wood fuel 
50% moisture content
Ash, Silver Birch (XSAiTimberAS) 
1 ha.a (UK)
-0.431 coal and 
-532 m  ^natural gas
-5.2 kg 
iimestone
6.4.T .4.4.4 Sink
6.4 .7 .4 .4 .4 .1  Scots Pine
6 .4 .7 .4 .4 .4 .2  Scots Pine
6 .4 .7 .4 .4 .4 .3  Sitka Spruce
1 1 1 biomass 
@ 50% moisture content
Scots Pine (XSAiSinkSP) 
1 ha.a (UK)
ir
Set-Aside 
-1 ha.a (UK)
7 .5 1 biomass 
50% moisture content
European Larch (XSAiSinkEL) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
14 .6 1 biomass 
50% moisture content
Sitka Spruce (XSAiSinkSS) 
1 ha.a (UK)
Set-Aside 
-1 ha.a (UK)
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6A.1AAAA  Douglas Fir
19 .4 1 biomass 
50% moisture content
Douglas Fir (XSAISInkDF) 
1 ha.a (UK)
Set-Aslde 
-1 ha.a (UK)
6A.1AAA.5 Oak & B eech
3 .6 1 biomass 
50% moisture content
Oak, Beech (XSAISInkOB) 
1 ha.a (UK)
Set-Aslde 
-1 ha.a (UK)
6A.1AAA.6 A sh , Sycam ore & Silver Birch
5 .3 1 biomass 
50% moisture content
Ash, Silver Birch (XSAISInkAS) 
1 ha.a (UK)
Set-Aslde 
-1 ha.a (UK)
6.4 .7 .5  Strategies for Land Expansion onto Grassland (set G, H  and I)
6.4 .7 .5 .1  R eference System  for Permanent Grassland
Grass (RefSysGL) 
1 ha.a (UK)
1 1 .11 dry grass
Animal feed
434
6A.I.52  Land-use strategy G: E xpansion onto Permanent Grassland  
6.4 .7 .5 .2 .1  Food
6.4 .7 .5 .2 .1 .1  W heat
Grass (RefSysGL) 
-1 ha.a (UK)
-1 1 .1 1 dry grass
-0 .5 3 1 palm-3 .4 7 1 wheat 
grain
-0.13 ha.a 
(IND)
-1.52 ha.a 
(CAN)
2 .2 8 1 dry 
soymeai
2.83 ha.a 
(CAN)
5.61 tdry  
feed wheat
1.37 ha.a 
(ARG)
3 .4 7 1 milling 
wheat
Food
3 .4 7 1 wheat straw
Soil0 .1 8 1 feed wheat
3 .8 5 1 wheat grain (gross 
yieid)
Wheat (XGLFoodW) 
1 ha.a (UK)
Animai feed
6 .4 .7 .5 .2 .1 .1  O ilseed  Rape
Grass (RefSysGL) 
-1 ha.a (UK)
-11 .1 1 dry grass
- 1 .1 2 1 
palm oil
-0.28 ha.a 
(IND)
2.30 tdry  
soymeai
1.38 ha.a 
(ARG)
5.83 tdry  
feed wheat
2.94 ha.a 
(CAN)
1 .551 rape straw
SoilFood
0 .5 9 1 refined rapeseed oil
1 .6 5 1 oilseed (gross yield) 
1 .591 oilseed (net yield)
Animal feed & vegetable oil
Oilseed Rape (XGLFoodOSR) 
1 ha.a (UK)
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6A.1.522  Feed
6 .4 .7 .5 .2 .2 .1  W heat
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 tdry grass
-0 .5 3 1 palm
-0.13 ha.a 
(IND)
2 .4 3 1 dry 
feed wheat
1.22 ha.a 
(CAN)
2 .2 8 1 dry 
soymeai
1.37 ha.a 
(ARG)
4 .1 3 1 wheat straw
Soil
4 .0 3 1 wheat grain (gross yield) 
3 .8 4 1 wheat grain (net yield)
Wheat (XGLFeedW) 
1 ha.a (UK)
Animal feed
6.4 .7 .S .2 .2 .2  B arley
Grass (RefSysGL) 
-1 ha.a (UK)
-1 1 .1 1 dry grass
-0 .4 6 1 palm
-0.11 ha.a 
(IND)
2.01 tdry  
soymeai
3.03 tdry  
feed wheat
1.53 ha.a 
(CAN)
1.21 ha.a 
(ARG)
2 .7 5 1 barley straw3 .2 5 1 barley grain (gross yield) 
3 .0 6 1 barley grain (net yield)
Barley (XGLFeedB) 
1 ha.a (UK)
Animal feed & vegetable oil
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6.4.7.5.23 Fuel
6.4 .7 .5 .2 .3 .1  W heat
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 tdry grass
-0 .3 2 1 palm oil
-0.08 ha.a 
(IND)
1.671
DDGS
1.37 tdry  
sovmeal
0.83 ha.a 
(ARG)
5 .0 6 1 dry feed 
wheat
2.55 ha.a 
(CAN)
Vehicle fuel
1 .4 6 1 bioethanol Soil
3 .2 0 1 wheat straw5 1 wheat grain
Wheat (XGLFuelW) 
1 ha.a (UK)
Animai feed & vegetable oil
! -0 .9 1 1 gasoline OR 
I -0.78 ha.a (BRA)
6.4 .7 .5 .2 .S .2  O ilseed  Rape
Grass (RefSysGL) 
-1 ha.a (UK)
-1 1 .1 1 dry grass
-0 .4 5 1 palm
-0.11 ha.a 
(IND)
[ -0.61 t diesel OR 
I -0.61 ha.a (IND)
2.87 ha.a 
(CAN)
5.70 tdry  
feed wheat
1 .9 3 1 dry 
soymeai
1.16 ha.a 
(ARG)
0 .5 1 1 rape 
meal
0 .7 0 1 biodiesel
Vehicle fuel
1 .7 0 1 rape straw
Soil
2 .0 1 oilseed
Oilseed Rape (XGLFuelOSR) 
1 ha.a (UK)
Animal feed & vegetable oil
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6.4.7.S.2.3.4 Miscanthus for electricity
Grass (RefSysGL) 
-1 ha.a (UK)
-1 1 .1 1 dry grass
-3 .4 9 1 coal-85 kg 
limestone
-0 .5 3 1 
palm oil
-0.13 ha.a 
(IND)
284kg
ash
85 kg lime
2 .2 8 1 dry 
soymeai
1.37 ha.a 
(ARG)
5.77 t dry 
feed wheat
2.91 ha.a 
(CAN)
Power plant fuel 
(9.06 MWh electricity)
1 5 1 biomass 
30% moisture content
Animal feed & vegetable oil
Miscanthus (XGLFuelMe) 
1 ha.a (UK)
6 .4 .7 .5 .2 .3 .5  M iscanthus for heat
Grass (RefSysGL) 
-1 ha.a (UK)
-1 1 .1 1 dry grass
-3,513 m  ^natural gas -0 .5 3 1 
palm oil
-85 kg 
limestone
-0.13 ha.a 
(IND)
284 kg 
ash
85 kg lime
1.37 ha.a 
(ARG)
2 .2 8 1 dry 
soymeai
2.91 ha.a 
(CAN)
5.77 t dry 
feed wheat
Heat plant fuel 
(29.2 MWh heat)
1 5 1 biomass 
30% moisture content
Animal feed & vegetable oil
Miscanthus (XGLFuelMh) 
1 ha.a (UK)
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6.4.T.5.2.3.6 Miscanthus for CHP
Grass (RefSysGL) 
-1 ha.a (UK)
11.1 tdry grass
-2,608 natural gas and 
-2 .0 9 1 coal
-0 .5 3 1 
palm oil
-85 kg 
limestone
-0.13 ha.a 
(IND)
284 kg 
ash
85 kg lime
2 .2 8 1 dry 
soymeai
1.37 ha.a 
(ARG)
5 .7 7 1 dry 
feed wheat
2.91 ha.a 
(CAN)
1 5 1 biomass 
30% moisture content
CHP plant fuel 
(21.7 MWh and 5.4 MWhe)
Animal feed & vegetable oil
Miscanthus (XGLFuelMchp) 
1 ha.a (UK)
6 .4 .7 .5 .2 .3 .7  W illo w  SRC for electricity
Grass (RefSysGL) 
-1 ha.a (UK)
-1 1 .1 1 dry grass
-0 .5 3 1 
palm oil
-38.0 kg 
limestone
-2 .5 9 1 coal
-0.13 ha.a 
(IND)
127 kg 
ash
38.0 kg 
lime
1.37 ha.a 
(ARG)
2 .2 8 1 dry 
soymeai
2.91 ha.a 
(CAN)
5 .7 7 1 dry 
feed wheat
1 3 1 biomass 
50% moisture content
Power plant fuel 
(6.7 MWh electricity)
Animal feed & vegetable oil
Willow SRC (XGLFuelSRCe) 
1 ha.a (UK)
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6.4.7.5.23.8 Willow SRC for heat
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 tdry grass
-2,610 natural gas -0 .5 3 1 
palm oil
-38.0 kg 
limestone
-0.13 ha.a 
(IND)
127 kg 
ash
38.0 kg 
lime
2 .2 8 1 dry 
soymeai
1.37 ha.a 
(ARG)
2.91 ha.a 
(CAN)
5 .7 7 1 dry 
feed wheat
1 3 1 biomass 
50% moisture content
Heat plant fuel 
(21.7 MWh heat)
Animal feed & vegetable oil
Willow SRC (XGLFuelSRCh) 
1 ha.a (UK)
6.4 .7 .5 .2 .S .9  W illo w  SRC for CHP
Grass (RefSysGL) 
-1 ha.a (UK)
-1 1 .1 1 dry grass
-1,938 m natural gas and 
-1 .5 5 1 coal
-0 .5 3 1 
palm oil
-38.0 kg 
Iimestone
I -0.13 ha.a 
1 (IND)
127 kg 
ash
38.0 kg 
lime
1.37 ha.a 
(ARG)
2 .2 8 1 dry 
soymeai
5 .7 7 1 dry 
feed wheat
2.91 ha.a 
(CAN)
CHP plant fuel 
(16.1 MWht and 4.0 MWhe)
1 3 1 biomass 
50% moisture content
Animal feed & vegetable oil
Willow SRC (XGLFuelSRCchp) 
1 ha.a (UK)
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6.4.7.5.2.3.10 Scots Pine
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 tdry grass
-0 .8 9 1 coal and 
-1,107 natural gas
-0 .5 3 1 
palm oil
-18.1 kg 
limestone
-0.13 ha.a 
(IND)
18.1 kg 
lime
60 kg ash
1.37 ha.a 
(ARG)
2 .2 8 1 dry 
soymeai
2.91 ha.a 
(CAN)
5 .7 7 1 dry 
feed wheat
CHP plant fuel 
(2.3 MWh electricity and 9.2 MWh heat)
8 1 biomass 
50% moisture content
Scots Pine (XGLFueISP) 
1 ha.a (UK)
Animal feed & vegetable oil
6.4 .7 .5 .2 .3 .11  European Larch
Grass (RefSysGL) 
-1 ha.a (UK)
-1 1 .1 1 dry grass
-0 .6 0 1 coal and 
-750 m  ^natural gas
-0 .5 3 1 
palm oil
ii.
-12.3 kg 
limestone
-0.13 ha.a 
(IND)
41 kg ash
12.3 kg 
lime
2 .2 8 1 dry 
soymeai
1.37 ha.a 
(ARG)
5 .7 7 1 dry 
feed wheat
2.91 ha.a 
(CAN)
5 .4 1 biomass 
50% moisture content
CHP plant fuel 
(1.6 MWh electricity and 6.2 MWh heat)
European Larch (XGLFuelEL) 
1 ha.a (UK)
Animal feed & vegetable oil
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6.4.7.5.2.3.12 Sitka Spruce
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 tdry grass
-1 .1 7 1 coal and 
-1,467 natural gas
-0 .5 3 1 
palm oil
-24.0 kg 
limestone
-0.13 ha.a 
(IND)
24.0 kg 
lime
80 kg ash
1.37 ha.a 
(ARG)
2 .2 8 1 dry 
soymeai
5 .7 7 1 dry 
feed wheat
2.91 ha.a 
(CAN)
Sitka Spruce (XGLFueISS) 
1 ha.a (UK)
CHP plant fuel 
(3.1 MWh electricity and 12.2 MWh heat)
10 .6 1 biomass 
50% moisture content
Animal feed & vegetable oil
6 .4 .7 .5 .2 .3 .13  D ouglas Fir
Grass (RefSysGL) 
-1 ha.a (UK)
-1 1 .1 1 dry grass
-1 .5 6 1 coal and 
-1,949 m  ^natural gas
-0 .5 3 1 
palm oil
-31.8 kg 
limestone
-0.13 ha.a 
(IND)
lime
106 kg 
ash
2.28 tdry  
soymeai
1.37 ha.a 
(ARG)
5 .7 7 1 dry 
feed wheat
2.91 ha.a 
(CAN)
Douglas Fir (XGLFueiDF) 
1 ha.a (UK)
CHP piant fuel 
(4.1 MWh electricity and 16.2 MWh heat)
14 .1 1 biomass 
50% moisture content
Animal feed & vegetable oil
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6.4.7.5.2.3.14 Oak & Beech
Grass (RefSysGL) 
-1 ha.a (UK)
-11 .11 dry grass
-0 .291 coal and 
-359 natural gas
-0 .531 
palm oil
-5.9 kg 
limestone
-0.13 ha.a 
(IND)
5.9 kg 
iime
20kg ash
2 .2 8 1 dry 
soymeal
1.37 ha.a 
(ARG)
5 .7 7 1 dry 
feed wheat
2.91 ha.a 
(CAN)
Oak, Beech (XGLFueiOB) 
1 ha.a (UK)
CHP plant fuel 
(0.7 MWh electricity and 3.0 MWh heat)
2 .6 1 biomass 
50% moisture content
Animai feed & vegetabie oii
6.4.7.5.2.3.15 Ash, Sycamore & Silver Birch
Grass (RefSysGL) 
-1 ha.a (UK)
-11 .11 dry grass
-0 .431 coai and 
-535 m  ^natural gas
-0 .531 
palm oil
-8.7 kg 
limestone
-0.13 ha.a 
(IND)
8.7 kg 
lime
29 kg ash
2 .2 8 1 dry 
soymeal
1.37 ha.a 
(ARG)
5 .7 7 1 dry 
feed wheat
2.91 ha.a 
(CAN)
Ash, Silver Birch (XGLFueiAS) 
1 ha.a (UK)
CHP plant fuel 
(1.1 MWh electricity and 4.4 MWh heat)
3 .9 1 biomass 
50% moisture content
Animai feed & vegetable oil
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6.4.7.5.2.4 Timber
6.4.7.5.2.4.1 Scots Pine
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 tdry grass
-0.531 
palm oil
-0.161 
coal and 
-203 m® 
natural 
gas
-0.13 ha.a 
(IND)
-3.3 kg 
limestone
3.3 kg lime
11 kg ash 2.281 dry 
soymeal
1.37 ha.a 
(ARG)
5.771 dry 
feed wheat
2.91 ha.a 
(CAN)
8 1 biomass 
50% moisture content
2 .5 1 timber 
50% moisture content
1.471 wood fuel 
50% moisture content
CHP plant fuel 
(0.4 MWh electricity and 
1.7 MWh heat)
Animal feed & vegetable oil
Scots Pine (XGLTImberSP) 
1 ha.a (UK)
6.4.7.5.2.4.2 European Larch
Grass (RefSysGL) 
-1 ha.a (UK)
-11.11 dry grass
-0.531 
palm oil
- 0 .1 1 1
coal and 
-137 m  ^
natural 
gas
-0.13 ha.a 
(IND)
-2.2 kg 
limestone
7 kg ash
2.2 kg 
lime
2.281 dry 
soymeal
1.37 ha.a 
(ARG)
5.771 dry 
feed wheat
2.91 ha.a 
(CAN)
5 .41 biomass 
50% moisture content
1.61 timber 
50% moisture content
0.991 wood fuel 
50% moisture content
CHP plant fuel 
(0.3 MWh electricity 
and 1.1 MWh heat)
Animal feed & vegetable oil
European Larch (XGLTimberEL) 
1 ha.a (UK)
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6.4.7.5.2.4.3 Sitka Spruce
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 tdry grass
-0.531 
palm oil
ii.
-0.21 t 
coal and 
-267 
natural 
gas
-0.13 ha.a 
(IND)
-4.4 kg 
limestone
4.4 kg 
lime
15 kg ash 2.281 dry 
soymeal
1.37 ha.a 
(ARG)
5.771 dry 
feed wheat
2.91 ha.a 
(CAN)
10.61 biomass 
50% moisture content
3 .01 timber 
50% moisture content
1.941 wood fuel 
50% moisture content
CHP plant fuel 
(0.6 MWh electricity 
and 2.2 MWh heat)
Animal feed & vegetable oil
Sitka Spruce (XGLTimberSS) 
1 ha.a (UK)
6.4.7.5.2.4.4 Douglas Fir
Grass (RefSysGL) 
-1 ha.a (UK)
-11.11 dry grass
-0.531 
palm oil
-0.13 ha.a 
(IND)
-0.461 
coal and 
-578 m  ^
natural 
gas
-5.7 kg 
limestone
5.7 kg 
lime
19 kg ash 2.281 dry 
soymeal
1.37 ha.a 
(ARG)
5.771 dry 
feed wheat
2.91 ha.a 
(CAN)
14.11 biomass 
50% moisture content
3 .71 timber 
50% moisture content
2.511 wood fuel 
50% moisture content
CHP plant fuel 
(1.2 MWh electricity 
and 4.8 MWh heat)
Animal feed & vegetable oil
Douglas Fir (XGLTimberDF) 
1 ha.a (UK)
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6.4.7.S.2.4.5 Oak & Beech
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 tdry grass
-0.531 
palm oil
- 0 .211 
coal and 
-261 
natural 
gas
-0.13 ha.a 
(IND)
-2.6 kg 
limestone
9 kg ash
2.6 kg lime 1.37 ha.a 
(ARG)
2.281 dry 
soymeal
5.771 dry 
feed wheat
2.91 ha.a 
(CAN)
2 .61 biomass 
50% moisture content
0 .71 timber 
50% moisture content
1.141 wood fuel 
50% moisture content
CHP plant fuel 
(0.5 MWh electricity 
and 2.2 MWh heatl
Animal feed & vegetable oil
Oak, Beech (XGLTimberOB) 
1 ha.a (UK)
6.4.T.5.2.4.6 Ash, Sycamore & Silver Birch
Grass (RefSysGL) 
-1 ha.a (UK)
-11.11 dry grass
-0.531 
palm oil
-0.311 
coal and 
-387 m  ^
natural 
gas
-0.13 ha.a 
(IND)
limestone
3.8 kg 
lime
13 kg ash
1.37 ha.a 
(ARG)
2.281 dry 
soymeal
5.771 dry 
feed wheat
2.91 ha.a 
(CAN)
1.11 timber 
50% moisture content
3 .91 biomass 
50% moisture content
1.681 wood fuel 
50% moisture content
CHP plant fuel 
(0.8 MWh electricity 
and 3.2 MWh heatl
Animal feed & vegetable oil
Ash, Sycamore & Silver Birch (XGLTimberAS) 
1 ha.a (UK)
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6.4.7.5.2.5 Sink
6.4.7.5.2.5.1 Scots Pine
Grass (RefSysGL) 
-1 ha.a (UK)
-11.11 dry grass
-0 .531 
palm oil
■0.13 ha.a 
(IND)
2 .2 8 1 dry 
soymeal
1.37 ha.a 
(ARG)
5 .7 7 1 dry 
feed wheat
2.91 ha.a 
(CAN)
8 1 biomass 
50% moisture content
Scots Pine (XGLSinkSP) 
1 ha.a (UK)
Animal feed & vegetable oil
6.4.7.S.2.5.2 European Larch
Grass (RefSysGL) 
-1 ha.a (UK)
-11 .11 dry grass
-0.53 t 
palm oil
-0.13 ha.a 
(IND)
2 .2 8 1 dry 
soymeal
1.37 ha.a 
(ARG)
5 .7 7 1 dry 
feed wheat
2.91 ha.a 
(CAN)
5 .4 1 biomass 
50% moisture content
European Larch (XGLSinkEL) 
1 ha.a (UK)
Animal feed & vegetable oil
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6A.1.52.53  Sitka Spruce
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 tdry  grass
-0 .531 
palm oil
-0.13 ha.a 
(IND)
2 .2 8 1 dry 
soymeal
1.37 ha.a 
(ARG)
5 .7 7 1 dry 
feed wheat
2.91 ha.a 
(CAN)
Sitka Spruce (XGLSinkSS) 
1 ha.a (UK)
10 .61 biomass 
50% moisture content
Animal feed & vegetable oil
6.4.T.5.2.5.4 Douglas Fir
Grass (RefSysGL) 
-1 ha.a (UK)
-11 .11 dry grass
-0 .531 
palm oil
-0.13 ha.a 
(IND)
2.28 t dry 
soymeal
1.37 ha.a 
(ARG)
5.77 tdry  
feed wheat
2.91 ha.a 
(CAN)
14.1 t biomass 
50% moisture content
Douglas Fir (XGLSinkDF) 
1 ha.a (UK)
Animal feed & vegetable oil
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6.4.7.5.2.5.5 Oak & Beech
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 td ry  grass
-0 .531 
palm oil
V
-0.13 ha.a 
(IND)
2 .2 8 1 dry 
soymeal
1.37 ha.a 
(ARG)
5 .7 7 1 dry 
feed wheat
2.91 ha.a 
(CAN)
Oak, Beech (XGLSinkOB) 
1 ha.a (UK)
2 .6 1 biomass 
50% moisture content
Animai feed & vegetabie oii
6.4.T.5.2.5.6 Ash, Sycamore & Silver Birch
Grass (RefSysGL) 
-1 ha.a (UK)
-11 .11 dry grass
-0 .531 
palm oil
-0.13 ha.a 
(IND)
2.91 ha.a 
(CAN)
1.37 ha.a 
(ARG)
2 .2 8 1 dry 
soymeal
5 .7 7 1 dry 
feed wheat
3 .9 1 biomass 
50% moisture content
Ash, Siiver Birch (XGLSinkAS) 
1 ha.a (UK)
Animai feed & vegetable oil
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6.4.7.5.S Land-use strategy H; Expansion onto Grassland with Bxtensification
6.4.7.5.3.1 Food
6.4.7.5.3.1.1 Wheat
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 td ry  grass
-0 .5 3 1 palm-1.651 wheat 
grain
-0.72 ha.a 
(CAN) (IND)
2 .2 8 1 dry 
soymeal
1.37 ha.a 
(ARG)
5.61 tdry 
feed wheat
2.83 ha.a 
(CAN)
Food
1.651 milling 
wheat
3 .7 3 1 wheat straw
Soii
2 .0 6 1 wheat grain (gross yield) 
1.831 wheat grain (net yield)
0 .181 feed wheat
Animal feed
Wheat (XGLeFoodW) 
1 ha.a (UK)
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6.4.7.5.3.1.1 Oilseed Rape
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 td ry  grass
-0 .831 
palm oil
-0.21 ha.a 
(IND)
2.29 td ry  
soymeal
1.38 ha.a 
(ARG)
5 .8 0 1 dry 
feed wheat
2.92 ha.a 
(CAN)
Soil
1.551 rape straw
Food
0.301 refined rapeseed oil
0 .8 8 1 oilseed (gross yield) 
0 .8 2 1 oilseed (net yield)
Animal feed & vegetable oil
Oilseed Rape (XSAeFoodOSR) 
1 ha.a (UK)
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6.4.7.5.3.1 Feed
6.4.7.53.1.1 Wheat
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 td ry  grass
-0 .531 palm
-0.13 ha.a 
(IND)
3 .951 dry 
feed wheat
1.99 ha.a 
(CAN)
2.28 tdry 
soymeal
1.37 ha.a 
(ARG)
3 .7 3 1 wheat straw
Soil
2 .3 1 1 wheat grain (gross yieid) 
2 .091 wheat grain (net yield)
Wheat (XGLeFeedW) 
1 ha.a (UK)
Animal feed
6.4.7.5.3.1.2 Barley
Grass (RefSysGL) 
-1 ha.a (UK)
-11 .11 dry grass
-0 .501 palm
-0.12 ha.a 
(IND)
3 .7 3 1 dry 
feed wheat
2 .1 4 1 dry 
soymeal
1.29 ha.a 
(ARG)
1.88 ha.a 
(CAN)
2 .8 7 1 barley straw1.881 barley grain (gross yield) 
1 .701 barley grain (net yieid)
Barley (XGLeFeedB) 
1 ha.a (UK)
Animal feed & vegetable oil
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6.4.7.5.3.2 Fuel
6.4.7.5.3.2.1 Wheat
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 td ry  grass
-0 .401 palm
-0.10 ha.a 
(IND)
0 .971 DOGS
1.75 tdry 
soymeal
1.05 ha.a 
(ARG)
5 .3 5 1 dry 
feed wheat
2.70 ha.a 
(CAN)
Soil
3 .0 0 1 wheat 
straw
0 .851 bioethanol
Vehicle fuel Animal feed & vegetable oil
3 1 wheat grain
Wheat (XGLeFuelW) 
1 ha.a (UK)
-0 .531 gasoline OR 
-0.45 ha.a (BRA)
Ô.4.7.5.3.2.2 Oilseed Rape
-0 .451 diesel OR 
-0.45 ha.a (IND)
Grass (RefSysGL) 
-1 ha.a (UK)
-11 .11 dry grass
I -0 .471 palm
I -0.12 ha.a 
! (IND)
5.72 tdry 
feed wheat
2 .0 2 1 dry 
soymeal
2.88 ha.a 
(CAN)
1.22 ha.a 
(ARG)
0 .381 rape 
meal
0 .5 3 1 biodiesel
Vehicle fuel
1 .0 1 rape straw
Soil
1 .5 1 oilseed
Oilseed Rape (XGLeFuelOSR) 
1 ha.a (UK)
Animal feed & vegetable oil
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6.4.T.5.3.2.4 Miscanthus for electricity
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 td ry  grass
I -0 .531 
I palm oil
I -68 kg 
I limestone
-2 .791 coal
-0.13 ha.a 
(IND)
227kg
ash
68 kg 
lime
2 .2 8 1 dry 
soymeal
1.37 ha.a 
(ARG)
5 .7 7 1 dry 
feed wheat
2.91 ha.a 
(CAN)
Power plant fuel 
(7.25 MWh electricity)
1 2 1 biomass 
30% moisture content
Animal feed & vegetable oil
Miscanthus (XGLeFuelMe) 
1 ha.a (UK)
6.4.7.5.3.2.S Miscanthus for heat
Grass (RefSysGL) 
-1 ha.a (UK)
-11 .11 dry grass
-2,810 m  ^natural gas-68 kg 
limestone
-0 .531 
palm oil
I -0.13 ha.a 
! (IND)
227 kg 
ash
68 kg lime
2 .2 8 1 dry 
soymeal
1.37 ha.a 
(ARG)
5.77 td ry  
feed wheat
2.91 ha.a 
(CAN)
1 2 1 biomass 
30% moisture content
Heat plant fuel 
(23.4 MWh heat)
Animal feed & vegetable oil
Miscanthus (XGLeFuelMh) 
1 ha.a (UK)
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6.4.7.53.2.6 Miscanthus for CHP
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 td ry  grass
ir
-2,087 natural gas and 
-1 .671 coal
-0 .531 
palm oil
-68 kg 
limestone
-0.13 ha.a 
(IND)
227 kg 
ash
68 kg lime
2 .2 8 1 dry 
soymeal
1.37 ha.a 
(ARG)
5.77 tdry  
feed wheat
2.91 ha.a 
(CAN)
CHP plant fuel 
(17.4 MWht and 4.3 MWhe)
1 2 1 biomass 
30% moisture content
Animal feed & vegetable oil
Miscanthus (XGLeFuelMchp) 
1 ha.a (UK)
6.4.7.5.3.2.7 Willow SRC for electricity
Grass (RefSysGL) 
-1 ha.a (UK)
-11 .11 dry grass
ir
-0.53 t 
palm oil
-2 .391 coal-35.1 kg 
limestone
-0.13 ha.a 
(IND)
117 kg 
ash
35.1 kg 
lime
1.37 ha.a 
(ARG)
2 .2 8 1 dry 
soymeal
2.91 ha.a 
(CAN)
5.77 td ry  
feed wheat
Power plant fuel 
(6. 2 MWh electricity)
1 2 1 biomass 
50% moisture content
Animal feed & vegetable oil
Willow SRC (XGLeFuelSRCe) 
1 ha.a (UK)
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6A7.5.3.2.8 Willow SRC for heat
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 td ry  grass
-2,409 natural gas -0 .531 
palm oil
-35.1 kg 
limestone
-0.13 ha.a 
(IND)
117 kg 
ash
35.1 kg 
lime
1.37 ha.a 
(ARG)
2 .2 8 1 dry 
soymeal
5 .771 dry 
feed wheat
2.91 ha.a 
(CAN)
Heat plant fuel 
(20.0 MWht heat)
1 2 1 biomass 
50% moisture content
Animal feed & vegetable oil
Willow SRC (XGLeFuelSRCh) 
1 ha.a (UK)
6.4.7.5.3.2.1 Willow SRC for CHP
Grass (RefSysGL) 
-1 ha.a (UK)
-11 .11 dry grass
-1,789 m  ^natural gas and 
-1 .431 coal
-0 .531 
palm oil
-35.1 kg ! 
limestone !
-0.13 ha.a 
(IND)
117 kg 
ash
35.1 kg 
lime
2.28 tdry 
soymeal
1.37 ha.a 
(ARG)
5 .7 7 1 dry 
feed wheat
2.91 ha.a 
(CAN)
CHP plant fuel 
(14.9 MWht and 3.7 MWhe)
1 2 1 biomass 
50% moisture content
Animal feed & vegetable oil
Willow SRC (XGLeFuelSRCchp) 
1 ha.a (UK)
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6 A .I.5 A  Land-use strategy I: Expansion onto Grassland with Intensification 
6.4.7.5.4.1 Food
6.4.7.5.4.1.1 Wheat
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 td ry  grass
iL
-0 .531 palm-3.831 wheat 
grain
-1.68 ha.a 
(CAN)
2 .2 8 1 dry 
soymeal
1.37 ha.a 
(ARG)
5.58 tdry 
feed wheat
2.82 ha.a 
(CAN)
Food
3 .831 milling 
wheat
3 .9 8 1 wheat straw
Soil
4 .2 2 1 wheat grain (gross yield) 
4 .0 4 1 wheat grain (net yield)
0 .2 1 1 feed wheat
Animal feed & vegetable oil
Wheat (XGLIFoodW) 
1 ha.a (UK)
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6.4.7.S.4.1.1 Oilseed Rape
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 td ry  g rass
ii.
-1.181 
palm oil
' -0.29 ha.a 
I (IND)
2 .3 0 1 dry 
soymeal
1.38 ha.a 
(ARG)
2.94 ha.a 
(CAN)
5 .8 4 1 dry 
feed wheat
Soil
1 .711 rape straw
Food
0 .651 refined rapeseed oil
1 .811 oilseed (gross yield) 
1 .751 oilseed (net yield)
Animal feed & vegetable oil
Oilseed Rape (XGLiFoodOSR) 
1 ha.a (UK)
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6.4.7.5.4.2 Feed
6.4.7.5.4.2.1 Wheat
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 td ry  grass
-0 .531 palm
-0.13 ha.a 
(IND)
2.08 tdry 
feed wheat
1.05 ha.a 
(CAN)
2 .2 8 1 dry 
soymeal
1.37 ha.a 
(ARG)
Soil
4 .1 3 1 wheat straw4 .4 3 1 wheat grain (gross yield) 
4 .2 4 1 wheat grain (net yield)
Wheat (XGLIFeedW) 
1 ha.a (UK)
Animal feed
6.4.7.S.4.2.2 Barley
Grass (RefSysGL) 
-1 ha.a (UK)
-11.11 dry grass
-0 .461 palm
-0.11 ha.a 
(IND)
2.85 tdry 
feed wheat
1 .981 dry 
soymeal
1.19 ha.a 
(ARG)
1.44 ha.a 
(CAN)
2 .7 5 1 barley straw3 .5 7 1 barley grain (gross yield) 
3 .3 9 1 barley grain (net yield)
Barley (XGLIFeedB) 
1 ha.a (UK)
Animal feed & vegetable oil
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6.4.7.5.4.1 Fuel
6.4.7.5.4.1.1 Wheat (straw for ethanol)
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 td ry  grass
-0 .241 palm
Ài.
-0.06 ha.a 
(IND)
1.04 tdry 
sovmeal
0.63 ha.a 
(ARG)
2 .2 7 1 
DOGS
4.81 td ry  
feed wheat
2.42 ha.a 
(CAN)
0.45 MWh 
electricltv
Power plant fuel 1.991 bioethanol
Vehicle fuelVehicle fuel
0 .891 bioethanol
7 1 w heat grain3 .401 wheat straw
Animal feed & vegetable oil
Wheat (XGLiFuelWI) 
1 ha.a (UK)
-0 .551 gasoline OR 
-0.47 ha.a (BRA)
-0 .171 coal -1.241 gasoline OR ' 
-1.06 ha.a  (BRA) 1
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6.4.7.5.4.1.1 Wheat (straw for CHP)
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 tdry grass
-0.241 palm
-0.06 ha.a 
(IND)
-1.241 gasoline OR 
-1.06 ha.a (BRA)
I -0.521 coal and and 
! -646 m® natural gas
1.04 tdry 
soymeal
0.63 ha.a 
(ARG)
2.42 ha.a 
(CAN)
4.811 dry 
feed wheat
2.27tDDGS
Vehicle fuel
1.991 bioethanol
3.401 wheat straw
CHP plant fuel
1.3 MWh electricity 
and 5.4 MWh heat
7 1 wheat grain
Animal feed & vegetable oil
Wheat (XGLiFuelW2) 
1 ha.a (UK)
6.4.7.5.4.1.2 Wheat (straw for ethanol, low yield)
Grass (RefSysGL) 
-1 ha.a (UK)
-11 .11 dry grass
-0 .321 
palm oil
-0.08 ha.a 
(IND)
-0 .881 gasoline OR 
-0.76 ha.a (BRA)
I -0 .521 gasoline 
I OR -0.44 ha.a (BRA)
-0 .161 coal
1 .621 
DOGS
1.391 dry 
soymeal
5 .0 8 1 dry 
feed wheat
0.84 ha.a 
(ARG)
2.56 ha.a 
(CAN)
0.42 MWh 
electricity
Power plant fuel
Vehicle fuel
0 .831 bioethanol 1 .421 bioethanol
Vehicle fuel Animal feed & vegetable oil
3 .2 0 1 wheat straw 5 1 wheat grain
Wheat (XGLiFueiW3) 
1 ha.a (UK)
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6.4.7.5.4.1.1 Wheat (straw for CHP, low yield)
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 td ry  grass
-0 .321 palm
-0.08 ha.a 
(IND)
1.39 tdry 
soymeal
5 .0 8 1 dry 
feed wheat
0.84 ha.a 
(ARG)
1.62tDDGS
2.56 ha.a 
(CAN)
CHP plant fuel
Vehicle fuel1.3 MWh electricity 
and 5.1 MWh heat
1 .421 bioethanol
3 .201 wheat straw 5 1 wheat grain
Animal feed & vegetable oil
Wheat (XGLiFuelW4) 
1 ha.a (UK)
-0 .491 coal and 
-608 m® natural gas
-0 .881 gasoline OR 
-0.76 ha.a (BRA)
6.4.7.5.4.1.2 Oilseed Rape (straw for ethanol)
Grass (RefSysGL) 
-1 ha.a (UK)
-11 .11 dry grass
-0 .421 
palm oil
-0.10 ha.a 
(IND)
0 .691 rape 
meal
1.81 tdry 
soymeal
1.09 ha.a 
(ARG)
5.68 tdry  
feed wheat
2.86 ha.a 
(CAN)
0 .551 
bioethanol
Vehicle fuel Vehicle fuel
0 .951 biodieselPower plant fuel
0.28 MWh 
electricity
2 .7 1 oilseed2 .1 1 wheat straw
Animal feed & vegetable oil
Oilseed Rape (XGLiFuelOSRI) 
1 ha.a (UK)
-0 .341 gasoline OR 
-0.29 ha.a (BRA)
-0.11 tcoal -0 .821 diesel OR 
-0.82 ha.a (IND)
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6.4.7.5.4.1.3 Oilseed Rape (straw for CHP)
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 tdry grass
I -0.421 palm
-0.10 ha.a 
(IND)
1.811 dry 
soymeal
1.09 ha.a 
(ARG)
5.681 dry 
feed wheat
2.86 ha.a 
(CAN)
0.691 rape meal0.951 biodiesel
Vehicle fuel
CHP plant fuel
0.8 MWh electricity 
and 3.3 MWh heat
2 .11 wheat straw 2.71 oilseed
Animal feed & vegetable oil
Oilseed Rape (XGLiFuelOSR2) 
1 ha.a (UK)
-0.321 coal and 
-399 m® natural gas
-0.821 diesel OR 
-0.82 ha.a (IND)
6.4.7.5.4.1.4 Oilseed Rape (straw for ethanol, low yield)
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 td ry  grass
-0 .451 palm
-0.11 ha.a 
(IND)
-0.611 diesel OR 
-0.61 ha.a (IND)
-0 .271 gasoline OR 
-0.24 ha.a (BRA)
-0 .091 coal
1.93 tdry  
sovmeal
1.16 ha.a 
(ARG)
0.51 t rape 
meal
5 .7 0 1 dry 
feed wheat
2.87 ha.a 
(CAN)
0.23 MWh 
electricltv
Power plant fuel 0 .701 biodiesel0 .441 bioethanol
Vehicle fuelVehicle fuel
2 .0 1 oilseed1.701 rape straw
Animal feed & vegetable oil
Oilseed Rape (XGLiFuelOSRS) 
1 ha.a (UK)
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6A.I.5AAA  Oilseed Rape (straw for CHP, low yield)
Grass (RefSysGL) 
-1 ha.a (UK)
-11.1 tdry grass
-0.451 palm
-0.11 ha.a 
(IND)
1.93 tdry 
soymeal
1.16 ha.a 
(ARG)
5.70 tdry 
feed wheat
2.87 ha.a 
(CAN)
0.511 rape meal0.701 biodiesel
Vehicle fuel0.7 MWh electricity 
and 2.7 MWh heat
1.701 rape straw
CHP plant fuel
2 .01 oilseed
Animal feed & vegetable oil
Oilseed Rape (XGLiFuelOSR4) 
1 ha.a (UK)
-0.261 coal and 
-323 m  ^natural gas
-0.611 diesel OR 
-0.61 ha.a (IND)
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6 A.I.s AAA  Miscanthus for electricity
Grass (RefSysGL) 
-1 ha.a (UK)
-11.11 dry grass
-0 .531 
palm oil
-4 .181 coal-102 kg 
limestone
-0.13 ha.a 
(IND)
340 kg 
ash
102 kg 
lime
2 .2 8 1 dry 
soymeal
1.37 ha.a 
(ARG)
5 .771 dry 
feed wheat
2.91 ha.a 
(CAN)
Power plant fuel 
(10.9 MWh electricity)
1 8 1 biomass 
30% moisture content
Animal feed & vegetable oil
Miscanthus (XGLiFuelMe) 
1 ha.a (UK)
6.4.7.5.4.1.5 Miscanthus for heat
Grass (RefSysGL) 
-1 ha.a (UK)
-11 .11 dry grass
il
-4,215 m^ natural gas ! -0 .531
! palm oil
-102 kg 
limestone
-0.13
ha.a
340 kg 
ash
102 kg 
lime
2.28 t dry 
soymeal
1.37 ha.a 
(ARG)
5 .7 7 1 dry 
feed wheat
2.91 ha.a 
(CAN)
1 8 1 biomass 
(5). 30% moisture content
Heat plant fuel 
(35.1 MWh heat)
Animal feed & vegetable oil
Miscanthus (XGLiFuelMh) 
1 ha.a (UK)
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6.4.7.5.4.1.6 Miscanthus for CHP
Grass (RefSysGL) 
-1 ha.a (UK)
-11 .11 dry grass
-3,130 natural gas and 
-2 .511 coal
-0 .531 
palm oil
-102 kg 
limestone
-0.13 ha.a 
(IND)
340 kg 
ash
102 kg 
lime
1.37 ha.a 
(ARG)
2.28 t dry 
soymeal
5 .7 7 1 dry 
feed wheat
2.91 ha.a 
(CAN)
CHP plant fuel 
(26.0 MWht and 6.5 Mwhe)
1 8 1 biomass 
30% moisture content
Animai feed & vegetable oil
Miscanthus (XGLiFuelMchp) 
1 ha.a (UK)
6.4.7.5.4.1.7 Willow SRC for electricity
Grass (RefSysGL) 
-1 ha.a (UK)
-11 .11 dry grass
-0.53 t 
palm oil
-2 .791 coalI -41.0 kg 
! limestone
-0.13 ha.a 
(IND)
137 kg 
ash
41.0 kg 
lime
1.37 ha.a 
(ARG)
2 .2 8 1 dry 
soymeal
2.91 ha.a 
(CAN)
5 .7 7 1 dry 
feed wheat
1 4 1 biomass 
@ 50% moisture content
Power plant fuel 
(7.2 MWh electricity)
Animal feed & vegetable oil
Willow SRC (XGLIFuelSRCe) 
1 ha.a (UK)
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6.4.7.5.4.1.8 Willow SRC for heat
Grass (RefSysGL) 
-1 ha.a (UK)
-11.11 dry grass
-2,810 natural gas -0.531 
palm oil
-41.0 kg 
limestone
-0.13 ha.a 
(IND)
137 kg 
ash
41.0 kg 
lime
2.281 dry 
soymeal
1.37 ha.a 
(ARG)
5.771 dry 
feed wheat
2.91 ha.a 
(CAN)
141 biomass 
50% moisture content
Heat plant fuel 
(23.4 MWht heat)
Animal feed & vegetable oil
Willow SRC (XGLIFuelSRCh) 
1 ha.a (UK)
6.4 .7 .5 .4 .1 .1  W illow  SRC for CHP
Grass (RefSysGL) 
-1 ha.a (UK)
-11.11 dry grass
-2,087 m^  natural gas and 
-1.67 tcoal
-0.531 
palm oil
-41.0 kg 1 
limestone !
-0.13 ha.a 
(IND)
137 kg 
ash
41.0 kg 
lime
2.281 dry 
soymeal
1.37 ha.a 
(ARG)
5.771 dry 
feed wheat
2.91 ha.a 
(CAN)
141 biomass 
50% moisture content
CHP plant fuel 
(17.4 MWht and 4.3 MWhe)
Animal feed & vegetable oil
Willow SRC (XGLiFuelSRCchp) 
1 ha.a (UK)
474
6.4.7.5.4.1.2 Scots Pine
G r a ss  (R efS y sG L ) 
-1 h a .a  (UK)
- 1 1 . 1 1 dry g r a ss
-1 .0 0  t c o a l  and  
-1 ,2 4 5  m® natural g a s
- 0 . 5 3 1 
palm  oil
-2 0 .3  kg 
lim esto n e
-0 .1 3  h a .a  
(IND)
2 0 .3  kg 
lim e
6 8  kg a sh
2 . 2 8 1 dry 
s o y m e a l
1 .3 7  h a .a  
(A R G )
2 .9 1  h a .a  
(C A N )
5 . 7 7 1 dry 
fe e d  w h ea t
C H P plant fuel 
(2 .6  MWh electricity  and  1 0 .4  MWh h ea t)
S c o ts  P in e  (X G L iFueISP) 
1 h a .a  (UK)
9 1 b io m a ss  
50%  m oistu re con ten t
A nim al fe e d  & v e g e ta b le  oil
6 .4 .7 .5 .4 .1 .3  European Larch
G r a ss  (R efS y sG L )  
-1 h a .a  (UK)
- 1 1 . 1 1 dry g r a ss
- 0 . 6 8 1 co a l and  
-8 4 4  m^ natural g a s
- 0 . 5 3 1 
palm  oil
-1 3 .8  kg 
lim esto n e
-0 .1 3  h a .a  
(IND)
1 3 .8  kg 
lim e
4 6  kg a sh
1 .3 7  h a .a  
(A R G )
2 . 2 8 1 dry 
s o y m e a l
5 .7 7  t dry 
fe e d  w h e a t
2 .9 1  h a .a  
(C A N )
E uropean  Larch (XGLiFuelEL) 
1 h a .a  (UK)
C H P plant fuel 
(1 .8  MWh electricity  and  7 .0  MWh h eat)
6 . 1 1 b io m a ss  
50%  m oistu re co n ten t
A nim al fe e d  & v e g e ta b le  oil
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6.4.7.5.4.1.4 Sitka Spruce
G ra ss  (R efS y sG L )  
-1 h a .a  (UK)
- 1 1 . 1 1 dry g r a ss
- 1 . 3 2 1 co a l and  
-1 ,6 5 0  natural g a s
- 0 . 5 3 1 
palm  oil
-2 6 .9  kg 
lim esto n e
-0 .1 3  h a .a  
(IND)
2 6 .9  kg 
lim e
9 0  kg a sh
2 . 2 8 1 dry 
s o y m e a l
1 .3 7  h a .a  
(A R G )
5 . 7 7 1 dry  
fe e d  w h e a t
2 .9 1  h a .a  
(C A N )
Sitka S p ru ce  (XG LIFueISS) 
1 h a .a  (UK)
C H P plant fuel 
(3 .4  MWh electricity  an d  1 3 .7  MWh h eat)
1 2 . 0 1 b io m a ss  
50%  m oistu re co n ten t
A nim al fe e d  & v e g e ta b le  oil
6 .4 .7 .5 .4 .1 .5  D ouglas Fir
G r a ss  (R efS y sG L )  
-1 h a .a  (UK)
- 1 1 . 1 1 dry g r a ss
-1 .7 5  t c o a l  and  
-2 ,1 9 2  m^ natural g a s
- 0 . 5 3 1 
palm  oil
-3 5 .8  kg 
lim esto n e
-0 .1 3  h a .a  
(IND)
3 5 .8  kg 
lim e
1 1 9  kg 
a s h
1 .3 7  h a .a  
(A R G )
2 . 2 8 1 dry 
s o y m e a l
5 .7 7  td r y  
fe e d  w h e a t
2 .9 1  h a .a  
(C A N )
1 5 . 9 1 b io m a ss  
50%  m oistu re co n ten t
C H P plant fuel 
(4 .6  MWh electricity  and  1 8 .2  MWh h eat)
D o u g la s  Fir (X G LiFuelD F) 
1 h a .a  (UK)
Anim al fe e d  & v e g e ta b le  oil
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6.4.7.5.4.1.6 Oak & Beech
G r a ss  (R efS y sG L )  
-1 h a .a  (UK)
-11 .1  td r y  g r a ss
- 0 . 3 2 1 co a l and  
-4 0 4  natural g a s
- 0 . 5 3 1 
palm  oil
-6 .6  kg 
l im esto n e
6 .6  kg 
lim e
2 2  kg a sh
1 .3 7  h a .a  
(A R G )
2 . 2 8 1 dry 
s o y m e a i
5 . 7 7 1 dry 
fe e d  w h e a t
2 .9 1  h a .a  
(C A N )
C H P plant fuei 
(0 .8  MWh electricity  and  3 .4  MWh h ea t)
2 . 9 1 b io m a ss  
50%  m oistu re co n ten t
O ak, B e e c h  (X G L iFuelO B) 
1 h a .a  (UK)
Anim al fe e d  & v e g e ta b le  oil
6 .4 .7 .5 .4 .1 .7  A sh, Sycam ore & Silver Birch
G r a ss  (R efS y sG L )  
-1 h a .a  (UK)
- 1 1 . 1 1 dry g r a ss
- 0 . 4 8 1 co a l and  
-601  m^ natural g a s
- 0 . 5 3 1 
palm  oil
-9 8  kg 
lim esto n e
-0 .1 3  h a .a  
(IND)
9 .8  kg 
lim e
3 3  kg a sh
1 .3 7  h a .a  
(A R G )
2 . 2 8 1 dry 
s o y m e a l
2 .9 1  h a .a  
(C A N )
5 . 7 7 1 dry 
fe e d  w h e a t
4 . 4 1 b io m a ss  
@  50%  m oistu re con ten t
C H P piant fuel 
(1 .3  MWh electricity  and  5 .0  MWh h eat)
A sh , S ilver Birch (X G L iFuelA S) 
1 h a .a  (UK)
A nim al fe e d  & v e g e ta b le  oil
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6.4.7.5.4.2 Timber
6.4.V.5.4.2.1 Scots Pine
G rass (R efSysG L) 
-1 ha.a  (UK)
-11.1 td ry  grass
- 0 .5 3 1 
palm oil
- 0 .1 8 1 
coal and 
-228  
natural 
g a s
-0 .13  ha.a  
(IND)
-3 .7  kg 
lim estone
3.7  kg 
lime
12 kg ash 2 .2 8 1 dry 
soym eal
1 .37  ha.a  
(ARG)
5 .7 7 1 dry 
feed  w heat
2.91 ha.a  
(CAN)
9 1 biom ass  
50% moisture content
2 . 8 1 timber 
50% moisture content
1 .6 6 1 wood fuel 
50% moisture content
CHP piant fuei 
(0 .5  MWh electricity 
and 1.9 MWh heat)
Animal feed  & v eg eta b le  oil
S c o ts  Pine (XGLiTimberSP) 
1 ha.a (UK)
6 .4 .7 .5 .4 .2 .2  European Larch
G rass (R efSysG L ) 
-1 ha.a  (UK)
-11.1 td ry  grass
- 0 .5 3 1 
paim oil
- 0 .1 2 1 
coal and  
-1 5 4  m^ 
natural 
g a s
-0 .13  ha.a  
(IND)
-2 .5  kg 
lim estone
2 .5  kg 
lime
8 kg ash
1 .37  ha.a  
(ARG)
2 .2 8 1 dry 
soym eal
5 .7 7 1 dry 
feed  w heat
2.91 ha.a  
(CAN)
6 . 1 1 b iom ass  
50% moisture content
1 .8 1 timber 
50% moisture content
1 .1 2 1 wood fuel 
50% moisture content
CHP plant fuel 
(0 .3  MWh electricity 
and 1.3 MWh heat)
Animai feed  & v egetab le  oil
European Larch (XGLiTimberEL) 
1 ha.a  (UK)
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6.4.7.5.4.2.3 Sitka Spruce
G rass (R efSysG L) 
-1 ha .a  (UK)
-11.1 td ry  grass
i i .
- 0 .5 3 1 
palm oil
-0 .2 4 1 
coal and 
-300  
natural
-0 .1 3  ha.a  
(IND)
-4 .9  kg 
lim estone
4 .9  kg 
lime
16 kg ash 2 .2 8 1 dry 
soym ea l
1 .37  ha.a  
(ARG)
5 .7 7 1 dry 
fe ed  w heat
2 .91 ha.a  
(CAN)
1 2 .0 1 b iom ass  
50% moisture content
3 . 4 1 timber 
50% moisture content
2 .1 8 1 wood fuel 
50% moisture content
CHP plant fuel 
(0 .6  MWh electricity 
and 2 .5  MWh heat)
Animal feed  & v eg eta b le  oil
Sitka Spruce (XGLiTimberSS) 
1 ha.a  (UK)
6 .4 .7 .5 .4 .2 .4  D ouglas Fir
G rass (R efSysG L) 
-1 ha.a  (UK)
- 1 1 .1 1 dry grass
- 0 .5 3 1 
palm oil
-0 .5 2 1 
coal and 
-650  m^ 
natural 
g a s
-0 .13  ha.a  
(IND)
-6 .4  kg 
lim estone
6.4  kg 
lime
21 kg ash 2 .2 8 1 dry 
soym ea l
1 .37  ha.a  
(ARG)
5 .7 7 1 dry 
fe ed  w heat
2.91  ha.a  
(CAN)
1 5 .9 1 b iom ass  
50% moisture content
4.1 t timber 
50% m oisture content
2 .8 3 1 wood fuel 
50% moisture content
CHP plant fuel 
(1 .4  MWh electricity 
and 5 .4  MWh heat)
Animal feed  & v eg eta b le  oil
D ouglas Fir (XGLiTimberDF) 
1 ha.a  (UK)
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6.4.7.5.4.2.S Oak & Beech
G rass (R efSysG L) 
-1 ha.a  (UK)
-11.1 td ry  grass
- 0 .5 3 1 
palm oil
-0 .1 3  ha.a  
(IND)
- 0 .2 4 1 
coal and 
-294  
natural 
g a s
-2 .9  kg 
lim estone
2 .9  kg 
lime
10 kg ash 2 .2 8 1 dry 
soym eal
1 .37  ha.a  
(ARG)
5 . 7 7 1 dry 
fe e d  w heat
2 .91 ha.a  
(CAN)
0 . 8 1 timber 
50% m oisture content
2 . 9 1 b iom ass  
50% m oisture content
1 .2 8 1 w ood fuel 
50% m oisture content
CHP plant fuel 
(0 .6  MWh electricity 
and 2 .4  MWh heat)
Animal feed  & v eg eta b le  oil
Oak, B eech  (XGLiTimberOB) 
1 ha.a (UK)
6 .4 .7 .5 .4 .2 .6  A sh, Sycam ore & Silver Birch
G rass (R efSysG L) 
-1 ha.a  (UK)
-11.1 t dry grass
-0 .5 3 1 
palm oil
-0 .13  ha.a  
(IND)
-0 .3 5 1 
coal and  
-4 3 5  m^ 
natural 
g a s
-4 .3  kg 
lim estone
14 kg ash
4 .3  kg lime
2 .2 8 1 dry 
soym ea l
1 .37  ha.a  
(ARG)
5 . 7 7 1 dry 
fe e d  w heat
2 .91  ha.a  
(CAN)
4 . 4 1 b iom ass  
50% moisture content
1 .3 1 timber 
50% moisture content
1 .8 9 1 wood fuel 
50% m oisture content
CHP plant fuel 
(0 .9  MWh electricity 
and 3 .6  MWh heat)
Animal feed  & v egetab le  oil
Ash, Silver Birch (XGLiTimberAS) 
1 ha.a  (UK)
480
6.4.7.S.4.3 Sink
6.4 .7 .5 .4 .3 .1  Scots P ine
G r a ss  (R efS ysG L )  
-1 h a .a  (UK)
-11 .1  td r y  g r a ss
- 0 . 5 3 1 
palm  oil
-0 .1 3  h a .a  
(IND)
2 . 2 8 1 dry 
so y m e a l
1 .3 7  h a .a  
(ARG )
5 . 7 7 1 dry 
fe e d  w h ea t
2 .9 1  h a .a  
(C A N )
9 1 b io m a ss  
@  50%  m oistu re c o n ten t
S c o ts  P in e  (X G L iSinkSP ) 
1 h a .a  (UK)
A nim al fe e d  & v e g e ta b le  oil
6.4 .7 .S .4 .3 .2  European Larch
G r a ss  (R efS ysG L ) 
-1 h a .a  (UK)
- 1 1 . 1 1 dry g r a ss
- 0 . 5 3 1 
palm  oil
-0 .1 3  h a .a  
(IND)
2 .2 8  td ry  
so y m e a l
1 .3 7  h a .a  
(A R G )
2 .9 1  h a .a  
(C A N )
5 . 7 7 1 dry 
fe e d  w h e a t
6 . 1 1 b io m a ss  
50%  m oistu re co n ten t
E uropean  Larch (XGLiSinkEL) 
1 h a .a  (UK)
A nim al fe e d  & v e g e ta b le  oil
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6.4.7.5.4.3.S Sitka Spruce
G r a ss  (R efS ysG L ) 
-1 h a .a  (UK)
-1 1 .1  td r y  g r a ss
- 0 . 5 3 1 
palm  oil
-0 .1 3  h a .a  
(IND)
2 . 2 8 1 dry 
so y m e a l
1 .3 7  h a .a  
(A R G )
5 . 7 7 1 dry 
fe e d  w h ea t
2 .9 1  h a .a  
(C A N )
Sitka S p ru ce  (X G L iSinkSS) 
1 h a .a  (UK)
1 2 . 0 1 b io m a ss  
50%  m oistu re c o n ten t
A nim al fe e d  & v e g e ta b le  oil
6.4.T .5.4.3.4 D ouglas Fir
G r a ss  (R efS ysG L ) 
-1 h a .a  (UK)
- 1 1 . 1 1 dry g r a ss
- 0 . 5 3 1 
palm  oil
-0 .1 3  h a .a  
(IND)
2 . 2 8 1 dry 
s o y m e a l
1 .3 7  h a .a  
(A R G )
5 . 7 7 1 dry 
fe e d  w h ea t
2 .9 1  h a .a  
(C A N )
1 5 . 9 1 b io m a ss  
50%  m oistu re con ten t
D o u g la s  Fir (XGLISInkDF) 
1 h a .a  (UK)
A nim al fe e d  & v e g e ta b le  oil
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6.4.7.5.4.3.5 Oak & Beech
G r a ss  (R efS ysG L ) 
-1 h a .a  (UK)
-11 .1  td r y  g r a ss
- 0 . 5 3 1 
palm  oil
2 . 2 8 1 dry 
so y m e a l
1 .3 7  h a .a  
(ARG )
5 . 7 7 1 dry 
fe e d  w h ea t
2 .9 1  h a .a  
(C A N )
O ak, B e e c h  (X G LiSinkO B) 
1 h a .a  (UK)
2 . 9 1 b io m a ss  
50%  m oistu re co n ten t
A nim ai fe e d  & v e g e ta b le  oil
6 .4 .7 .5 .4 3 .6  A sh, Sycam ore & Silver Bireh
G r a ss  (R efS ysG L ) 
-1 h a .a  (UK)
- 1 1 . 1 1 dry g r a ss
- 0 . 5 3 1 
palm  oil
-0 .1 3  h a .a  
(IND)
2 . 2 8 1 dry 
so y m e a l
1 .3 7  h a .a  
(A R G )
2 .9 1  h a .a  
(C A N )
5 .7 7  td ry  
fe e d  w h e a t
A sh , S ilver Birch (X G L iSinkA S) 
1 h a .a  (UK)
4 . 4 1 b io m a ss  
50%  m oistu re co n ten t
A nim al fe e d  & v e g e ta b le  oil
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6 .4 .8  Inventory Results
The fo llow in g  three subsections present results related to the inventory and that w ill 
be further characterised in the im pact assessm ent. T hese are indirect land use changes 
(ha), b iom ass (t) and carbon sequestration (t). B oth  b iom ass production and carbon  
sequestration are important ecosystem  services. Impacts on biom ass production have  
been accounted b y  changes in N et Primary Productivity (NPP).
6.4.8.1 Strategies for Current Cropland (set o f  land-use strategies A , B  and C)
6.4 .8 .1 .1  Indirect Land U se  Change (iLU C )
6.4 .8 .1 .1 .1  O verview
O ne hectare used  in U K  for a particular purpose results in changes in the am ount o f  
land used  elsew here in the world. Table 0.1 show s h ow  m uch and w here land use  
changes.
Table 0.1 Indirect land-use change for a range o f UK land-use strategies in current cropland
Crop Strategy Use iLUC (ha)Canada Brazil Argentina Indonesia Total
Wheat
Diversion Feed -0.17 -0.17Fuel 2.73 -0.85 0.08 1.97
Extensification
Food 1.39 1.39
Feed 1.36 1.36
Fuel 2.94 -0.53 0.05 2.46
Intensification
Food -0.34 -0.34
Feed -0.52 -0.52
Fuel 2.41 -1.34 0.13 1.20
Oilseed rape
Diversion Fuel -0.18 -0.71 0.36 -0.52
Extensification Food -0.03 -0.01 0.14 0.10Fuel -0.14 -0.47 0.34 -0.26
Intensification Food 0.01 0.00 -0.03 -0.02
Fuel -0.25 -1.19 0.41 -1.03
Barley Extensification Feed 0.73 0.16 -0.02 0.88Intensification Feed -0.18 -0.04 -0.21
Sugar beet
Diversion Fuel 0.70 0.70
Extensification Food 1.27 0.34 0.10 -0.01 1.69
Fuel 1.27 0.70 0.10 -0.01 2.05
Intensification Food -1.00 -0.27 -0.07 0.01 -1.33
Fuel -1.00 0.70 -0.07 0.01 -0.36
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6.4.8.1.1.2 Wheat
The changes in w heat supply in the U K  affect m ainly Canada as the marginal wheat 
exporter. H ow ever, the use o f  D D G S as an animal feed source displaces soybean m eal 
(and oil) production in Argentina, w h ile  Indonesia m akes up for the displaced soybean  
oil w ith palm oil. E xtensive production o f  w heat for ethanol results in the largest 
amount o f  land brought into production, w h ile  intensifying wheat for feed  actually  
saves more than h a lf a hectare in Canada. Organic production o f  w heat for both food  
and feed result in alm ost 1.5 new  hectares being brought into production in Canada, 
due to the low er yields o f  w heat under organic managem ent, but also due to low er  
yields in Canada. There are no effects on Brazilian land use. See Table 6.4.1.
3.5
3.0 ■
2.5 -
2.0
1.5 4
I
o
3  0.5 
0.0 
-0.5 
- 1.0 
-1.5 -I
FtfeB aW  P f t iS W  eF oodW  e F e e d W  eR je lW  i
ii. Indonesia
■  A rgentina
■  Brazil
■  C an ad a
Land S tra te g y  fo r W heat
Figure 6.4.1 Indirect land-use change (iLUC) from the different strategies for wheat
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6.4.8.1.1.3 Oilseed Rape
Land use for o ilseed  rape, in the baseline scenario, produces vegetab le o il and, 
therefore, any changes in supply w ill m ainly affect land in Indonesia as the marginal 
exporter o f  palm  oil (w hich is the marginal vegetable oil). H ow ever, g iven  the co ­
production o f  palm  kernel w ith palm  oil, land is displaced in Canada and A rgentina as 
these are the marginal exporters o f  feed w heat and soybean m eal, respectively. Figure
6.4.2 show s that the food  uses o f  o ilseed  rape, w hether organic or intensive, have little 
effects o f  land use abroad. H ow ever, w hen used  for b iod iesel the effects are m uch  
larger both w ays, and the net effect is a reduction in global land use. A ll strategies 
save land, w ith the exception o f  organic o ilseed  rape (for food). Intensifying o ilseed  
rape for b iod iesel presents the largest land savings (lh a ).
U -0.5 -
eFoodOSR iFoodOSR
- 2.0
r, In d o n es ia
■  A rg en tin a
■  B razil
■  C a n a d a
Land S tra tegy  for O ilseed  Rape
Figure 6.4.2 Indirect land-use change (iLUC) from the different strategies for oilseed rape
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6.4.8.1.1.4 Barley
Converting land to organic production requires alm ost one additional hectare in 
Canada and Argentina to com pensate for the low er yield. Intensifying has the opposite  
effect, but on a sm aller scale (0 .2  ha).
-  0.2  -
In d o n esia
A rgen tin a
Brazil
C a n a d a
e re e d B
- 0.2  ■
-0.4
Land S tra tegy  for Barley
Figure 6.4.3 Indirect land-use change (iLUC) from the different strategies for barley
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6.4.8.1.1.5 Sugar Beet
Sugar beet production interacts w ith  sugar cane production in Brazil. D iverting it from  
food  to fuel purposes results in an increase in production in Brazil to com pensate for 
the sugar production foregone in U K . E xtensifying sugar beet for food  w ill also have  
iLUC effects (1 .7  ha) given  that less sugar and feed  are being produced. E xtensifying  
sugar beet for ethanol w ill even  have higher effects as a decline in both sugar and feed  
w ill have to be com pensated for by  Brazil and Canada, respectively. The on ly  
strategies that save land on a global level are the intensification o f  sugar beet for sugar 
and ethanol. Intensifying for food  m eans there are no shortages in the dom estic supply  
o f  sugar and no iLUC in Brazil, as w ould  have happened had the sugar beet been used  
for ethanol. Even though intensifying for either use w ill save land, intensification for 
food  (sugar) saves alm ost 1.5 ha whereas less than 0.5 ha is saved under the 
alternative use in the intensification strategy.
In d o n es ia
A rg en tin a
Brazil
C a n a d a
I
FtFuelSB eFoodSB eFuelSB i
- 1.0 -
- 2.0
Land S tra tegy  for S ugar B eet
Figure 6.4.4 Indirect land-use change (iLUC) from the different strategies for sugar beet
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6.4.8.1.1.6 Forestry Residues and other “Wastes”
There are no iLU C effects from the use o f  w astes. D iverting w heat or o ilseed  rape 
straw and forestry residues to ethanol, electricity, heat or CHP has no effect on land 
use abroad.
6 .4 .8 .1 .2  B iom ass Production
6.4 .8 .1 .2 .1  O verview
Table 0.2 Biomass production change for a range o f UK land-use strategies in current cropland
Crop Strategy Use
Biomass (wet t ha'^  yr' )^
UK Canada Brazil Argentina Indonesia Total
Wheat
Diversion
Feed 0.52 2.66 3.18
Fuel -0.44 -14.43 21.08 -2.51 3.70
Extensification
Food -3.40 -7.45 -10.85
Feed -3.30 -6.31 -9.61
Fuel -3.66 -15.64 13.24 -1.58 -7.63
Intensification
Food 0.76 1.82 2.58
Feed 1.33 4.72 6.05
Fuel 6.34 -12.54 3336 -3.97 23.19
Oilseed rape
Diversion Fuel -0.83 1.03 17.67 -11.35 6.52
Extensification Food
-1.52 0.19 0.25 -4.38 -5.46
Fuel -2.36 0.81 11.61 -10.63 -0.57
Intensification Food 0.65
-0.04 -0.05 0.95 1.51
Fuel 1.64 1.47 29.57 -12.77 19.91
Barley
Extensification Feed -2.60 -4.30 -4.01 0.48 -10.43
Intensification Feed 0.65 1.06 0.95 -0.11 2.55
Sugar beet
Diversion Fuel 12.86 12.86
Extensification
Food -28.00 -7.46 6.21 -2.38 0.28 -31.35
Fuel -28.00 -7.46 12.86 ^ 3 8 0.28 -24.70
Intensification Food
22.00 5.86 -438 1.87 -0.22 24.63
Fuel 22.00 5.86 12.86 1.87 -0.22 42.37
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6.4.8.1.2.2 Wheat
W heat diversion does not im ply significant changes in total b iom ass produetion  
(wheat and straw) in the U K , as expected. A lso  as expected, extensive m anagem ent 
produces low er biom ass (3-4  t low er) than the baseline seenario, w h ile  intensive  
m anagem ent ensures a higher biom ass produetivity in the U K , 0 .5-6 .5  higher than the 
baseline seenario depending on the use (see Figure 6 .4 .5). The b iggest changes in  
biom ass produetion overseas happen in the fuel strategies. Argentina sees higher  
biom ass produetion as a result o f  changing back to grassland. The opposite is true for 
Canada as the extra wheat that it produees has a low er b iom ass y ield  than the biom ass  
that w ould  aceum ulate had the w heat not been there.
50
40 -
30 -
20
«  10
FtFeedW  F
-10  -
-20  -
iFoodW iFeedW  il
-30
■  UK  
In d o n es ia
■  A rg en tin a
■  B razil
■  C a n a d a
Land S tra tegy  for W heat
Figure 6.4.5 Changes in total biomass production under alternative wheat strategies
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6.4.8.1.2.3 Oilseed Rape
In the U K , oilseed  rape produces 1.5-2.5t less biom ass w hen m anaged exten sively  
(organic for food), but produces 0 .5 -2  t m ore than the baseline seenario w hen  
m anaged intensively  (see Figure 6 .4 .6). O verseas, b iom ass production increases in 
Argentina in the fuel strategies, as less soybean m eal is needed, but decreases in 
Indonesia as more palm  oil is required.
m 1 0  - I
FtFuelOSR eFoodOSR eFuelOSR iFoodOSR iFuelOSR
■  UK  
In d o n es ia
■  A rg en tin a
■  B razii
■  C a n a d a
Land S tra teg y  fo r O ilseed  Rape
Figure 6.4.6 Changes in total biomass production under alternative oilseed rape strategies
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6.4.8.1.2.4 Barley
B arley produces 2 .5t less biom ass w hen  produeed organically and. on ly  0.5 t more 
w hen produeed intensively, in the U K  (see Figure 6 .4 .7). Produeing barley m ore 
intensively  increases b iom ass produetion in the background system  (Canada and 
Argentina), whereas grow ing barley organically in U K  decreases biom ass production  
in those eountries due to the foregone b iom ass o f  grassland being brought into  
produetion. Som e palm  oil is displaeed, leading to higher biom ass produetion in 
Indonesia as land turns back to forest.
n d o n e s ia
A rgen tin a
■  B raziliFeedB
C a n a d a
Land S tra tegy  fo r Barley
Figure 6.4.7 Changes in total biomass production under alternative barley strategies
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6.4.8.1.2.5 Sugar Beet
Sugar beet produces 25-20  t less w hen produced extensively/organically , but 20 t 
more biom ass w hen produeed intensively, in the U K  (See Figure 6 .4 .8). Changes in 
sugar production in U K  result in land being put into / out o f  production in Brazil. 
H ow ever, as tropieal forests there aceum ulate biom ass at a low er rate than sugar cane, 
more sugar production results in more biom ass produced. The NPP o f  sugar eane is 
higher than that o f  a tropical forest (75 and 25 tonnes o f  b iom ass per ha and year, 
respectively).
There are no changes in biom ass produetion in the strategies related to the diversion  
o f  w astes (straw and forestry residues) from so il to energy purposes.
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In d o n es ia
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■  C a n a d a
Land S tra tegy  fo r Sugar Beet
Figure 6.4.8 Changes in total biomass production under alternative sugar beet strategies
6 .4 .8 .1 .2 .6  Forestry residues and other “w astes”
There are no changes in biom as production from the use o f  wastes. D iverting w heat or 
oilseed  rape straw and forestry residues to ethanol, electricity, heat or CHP has no 
effect on biom ass production.
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6.4 .8 .1 .3  Carbon Sequestration  
6.4 .8 .1 .3 .1  O verview
Table 0.3 Carbon sequestration change for a range of UK land-use strategies in current cropland
Crop Strategy Use
Carbon sequestration (t C ha'^  yr' )^
UK Canada Brazil Argentina Indonesia Total
Wheat
Diversion
Fuel* -0.10 -0.10
Fuel** -0.10 -0.10
Feed 0.00 0.18 0.00 0.00 0.18
Fuel -0.01 j ^ 8 1.06 -1.34 -3.17
Extensification
Food 1.09 -1.47 0.00 0.00 -0.38
Feed 1.09 -1.43 0.00 0.00 -0.34
Fuel -0.02 -3.10 0.67 -0.84 -3.29
Intensification
Food 0.36 0.00 0.00 0.36
Feed 0.00 0.54 0.00 0.55
Fuel 0.05 -2.54 1.68 -2.12 -2.93
Oilseed rape
Diversion
Fuel* -0.08 -0.08
Fuel** -0.08 -0.08
Fuel -0.01 0.18 0.89 -6.06 -5.00
Extensification Food 1.09 0.03
0.01 -2.34 -1.20
Fuel -0.49 0.14 0.59 -5.67 -5.44
Intensification Food 0.01 -0.01 0.00
0.51 0.51
Fuel 0.00 0.26 1.49 -6.81 -5.06
Barley
Extensification Feed 1.09 -0.77 -0.20 0.25 0.38
Intensification Feed 0.19 0.05 -0.06 0.18
Sugar beet
Diversion Fuel -9.79 -9.79
Extensification Food -1.33
-4.72 -0.12 0.15 -6.03
Fuel -1.33 -9.79 -0.12 0.15 -11.09
Intensification
Food 1.05 3.71 0.09 -0.12 4.74
Fuel 1.05 -9.79 0.09 -0.12 -8.76
Scots Pine Diversion
Power -0.08 -0.08
Heat -0.08 -0.08
CHP -0.08 -0.08
European
Larch Diversion
Power -0.05 -0.05
Heat -0.05 -0.05
CHP -0.05 -0.05
Sitka Spruce Diversion
Power -0.10 -0.10
Heat -0.10 -0.10
CHP -0.10 -0.10
Douglas Fir Diversion
Power -0.14 -0.14
Heat -0.14 -0.14
CHP -0.14 -0.14
Oak & Beech Diversion
Power -0.09 -0.09
Heat -0.09 -0.09
CHP -0.09 -0.09
Ash,
Sycamore & 
Silver Birch
Diversion
Power -0.13 -0.13
Heat -0.13 -0.13
CHP -0.13 -0.13
*straw for ethanol 
**straw for electricity
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6.4.8.1.3.2 Wheat
Carbon sequestration in U K  land increases w hen  w heat is m anaged organically, but 
remains largely unaffected in all other strategies. Carbon sequestration overseas 
affects Canada, A rgentina and Indonesia, but not Brazil as there are no links to sugar 
cane production. U sin g  w heat for fuel im plies increased food w heat production in 
Canada to com pensate for the foregone food  w heat in the UK . Carbon sequestration in 
Canada therefore decreases as land is converted for wheat. Increased feed  production  
in those (fuel) strategies displaces soybean m eal and oil, leading to increased palm  oil 
production in Indonesia and a low er carbon sequestration there. Intensification for 
feed and fuel d isplace w heat production in Canada and thereby a llow s land there to 
sequester more carbon. The value for food-to-feed  (FtFeedW ) on ly  differs from zero  
is because feed w heat has a slightly higher y ield  than food  wheat in U K . U sin g  w heat 
for fuel im plies that the extra production o f  feed (D D G S as a co-product o f  
bioethanol) displaces soybean m eal, a llow ing Argentina to convert land back from  
agriculture and thereby increasing its carbon stocks. See Figure 6.4.9.
The exporting o f  straw from the agricultural system  to any other purpose reduces the 
carbon sequestration b y  alm ost 100 kg C in the U K  but has no effects elsew here (see  
Figure 6.4.10).
0
F tF eed W  R iFoodW  iF eed W  iH
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L and  S tra te g y  fo r  W h eat
Figure 6.4.9 Carbon sequestration changes in UK and abroad as a result o f alternative strategies for 
wheat
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Figure 6.4.10 Carbon sequestration changes in UK and abroad as a result of alternative strategies for 
wheat straw
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6.4.8.1.3.3 Oilseed Rape
O ilseed  rape production in U K  increases carbon sequestration w hen  m anaged  
organically, but has no effects under the other strategies as there are no land  
transformations. C onversely, carbon sequestration is n egatively  affected in Indonesia, 
w ith the exception o f  intensification for food, and p ositive ly  affected in Argentina in  
the fuel strategies. Overall, all strategies (w ith the exception  o f  intensification for 
food) affect negatively  the sequestration o f  carbon.
The case for o ilseed  rape straw is the sam e as the one for w heat straw: on ly  U K  land  
is affected and in a negative (but slightly less large as straw yield  is lower) w ay.
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Figure 6.4.11 Carbon sequestration changes in UK as a result o f alternative strategies for oilseed rape
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Figure 6.4.12 Carbon sequestration changes in UK as a result of alternative strategies for oilseed rape 
straw
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6.4.8.1.3.4 Barley
Intensifying barley production through the increased use o f  fertilisers has little effect, 
either dom estically  or overseas. H ow ever, w hen m anaged organically, barley has 
opposing effects that alm ost cancel each other out as an increase in carbon 
sequestration in U K  and Indonesia is partially outw eighed by a decrease in Canada 
and Argentina. Both strategies increase overall carbon sequestration, but organic 
barley sequesters tw ice as much.
’ In d o n e s ia
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Figure 6.4.13 Carbon sequestration changes in UK as a result o f alternative strategies for barley
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6.4.8.1.3.5 Sugar Beet
Sugar B eet has a negative effect on carbon sequestration overseas (m ainly in Brazil) 
in every strategy, except for intensification for food. This is m ainly a result o f  changes 
in sugar production in Brazil.
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Figure 6 .4 .14  Carbon sequestration changes in U K  as a result o f  alternative strategies 
for sugar beet
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6.4.8.1.3.6 Forestry residues and other “wastes”
A s w ith  straw, recovering forestry residues for their energy bears no consequences in 
land use overseas. H ow ever, the carbon that w ould  otherw ise have been sequestered  
perm anently in the so il is released back to the atm osphere upon com bustion, hence  
resulting in negative changes in carbon sequestration regardless o f  the specific  energy  
use (electricity, heat or CHP). The difference betw een  the forestry crops results from  
the different y ield  o f  forest residues they give. These values are relatively sm all w hen  
compared to the other land-use strategies.
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Figure 6.4.15 Carbon sequestration changes in UK as a result o f alternative strategies for forest 
residues
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6.4.S .2 Strategies for Land Expansion onto Set-A side (set D , E and F)
6 .4 .S .2 .1 Indirect Land U se  Change (iLU C )
Crop Strategy U se
iLUC (ha)
Canada Brazil Argentina Indonesia Total
Wheat
Food -2.94 -2.94
Feed -3.06 0.00 0.00 -3.06
Fuel -0.43 -0.65 0.06 -1.02
Extensification
Food -1.51 -1.51
Feed -1.71 0.00 0.00 -1.71
Fuel -0.28 -0.43 0.04 -0.66
Intensification
Food -3.21 -3.21
Feed -L38 -3.38
Fuel -0.55 -0.85 0.08 -1.32
Fuel -0.55 -0.85 0.08 -1.32
Fuel -0.42 -0.64 0.06 -0.99
Fuel -0.42 -0.64 0.06 -0.99
Oilseed rape
Food 0.06 0.02 -0.27 -0.18
Fuel -0.04 -0.26 0.02 -0.28
Extensification
Food 0.03 0.01 -0.15 -0.10
Fuel -0.03 -0.18 0.02 -0.19
Intensification
Food 0.07 0.02 -0.29 -0.20
Fuel -0.05 -0.31 0.03 -0.33
Fuel -0.05 -0.31 0.03 -0.33
Fuel -0.04 -0.26 0.02 -0.28
Fuel -0.04 -0.26 0.02 -0.28
Barley
Feed -2.08 -0.31 0.03 -2.36
Extensification Feed -1.43 -0.17 0.02 -1.58
Intensification Feed -2.24 -0.35 0.03 -2.55
Sugar beet
Food -1.81 -0.48 -0.14 0.01 -2.42
Fuel -1.81 -0.14 0.01 -1.93
Extensification
Food -1.13 -0.30 -0.09 0.01 -1.51
Fuel -1.13 -0.09 0.01 -1.21
Intensification
Food -2.71 -0.72 -0.20 0.02 -3.62
Fuel -2.71 -0.20 0.02 -2.90
Fuel -1.81 -0.14 0.01 -1.93
Miscanthus 
Willow  
All forest 
species
All All 0.00
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6.4.8.2.2 Biomass Production
Crop Strategy Use Biomass (wet t ha"^  yr"')
UK Canada Brazil Argentina Indonesia TOTAL
Wheat
Food 9.91 15.83 0.00 0.00 25.74
Feed 10.30 18.03 0.00 0.00 2833
Fuel 83 0 2.51 16.30 -1.94 25.17
Extensification
Food 6.40 8.16 0.00 14.56
Feed 635 10.05 0.00 0.00 16.90
Fuel 6.10 1.63 10.60 -1.26 17.07
Intensification
Food 10.50 17.30 0.00 0.00 27.80
Feed 11.01 19.89 0.00 0.00 30.90
Fuel 10.50 3 3 6 21.20 -2.52 32.44
Fuel 10.50 3.26 21.20 -2.52 32.44
Fuel 8.30 2.45 15.90 -1.89 24.76
Fuel 83 0 2.45 15.90 -1.89 24.76
Oilseed
rape
Food 4.74 -0.36 -0.48 838 12.18
Fuel 3.40 0.24 6.51 -0.77 9.38
Extensification
Food 1.81 -0.20 -0.26 4.53 538
Fuel 2.20 0.16 4.43 -0.53 6 3 6
Intensification
Food 5.32 -0.40 -0.53 9.11 13.51
Fuel 4.60 0.29 7 3 2 -0.93 11.77
Fuel 4.60 0.29 7.82 -0.93 11.77
Fuel 3.40 0.24 6.51 -0.77 93 8
Fuel 3.40 0.24 6.51 -0.77 93 8
Barley
Feed 7.53 12.25 7.76 -0.92 26.61
Extensification Feed 5.22 8.44 4.19 -0.50 17.35
Intensification Feed 8.11 13.19 8.61 -1.02 2838
Sugar
Beet
Food 39.00 10.66 -8.87 3 3 9 -0.40 43.78
Fuel 39.00 10.66 3 3 9 -0.40 52.65
Extensification
Food 24.00 6.66 -5.54 2.12 -0.25 26.99
Fuel 24.00 6.66 2.12 -0.25 32.53
Intensification
Food 59.00 15.99 -13.30 5.09 -0.61 66.18
Fuel 59.00 15.99 5.09 -0.61 79.48
Fuel 39.00 10.66 3 3 9 -0.40 52.65
Miscant
hus
Elec. 17.00 17.00
Heat 17.00 17.00
CHP 17.00 17.00
Extensification
Elec. 14.00 14.00
Heat 14.00 14.00
CHP 14.00 14.00
Intensification
Elec. 27.00 27.00
Heat 27.00 27.00
CHP 27.00 27.00
Willow
SRC
Elec. 13.00 13.00
Heat 13.00 13.00
CHP 13.00 13.00
Extensification
Elec. 12.00 12.00
Heat 12.00 12.00
CHP 12.00 12.00
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Intensification
Elec. 27.00 27.00
Heat 27.00 27.00
CHP 27.00 27.00
Scots
Pine
Timber 9.04 9.04
Fuel 9.04 9.04
Sink 9.04 9.04
Intensification
Timber 10.05 10.05
Fuel 10.05 10.05
Sink 10.05 10.05
Europea 
n Larch
Timber 5.81 5.81
Fuel 5.81 5.81
Sink 5.81 5.81
Intensification
Timber 6.49 6.49
Fuel 6.49 6.49
Sink 6.49 6.49
Sitka
Spruce
Timber 12.31 12.31
Fuel 12.31 12.31
Sink 12.31 12.31
Intensification
Timber 13.64 13.64
Fuel 13.64 13.64
Sink 13.64 13.64
Douglas
Fir
Timber 16.68 16.68
Fuel 16.68 16.68
Sink 16.68 16.68
Intensification
Timber 18.45 18.45
Fuel 18.45 18.45
Sink 18.45 18.45
Oak & 
Beech
Timber 2.26 2 3 6
Fuel 2.26 2 3 6
Sink 2.26 2.26
Intensification
Timber 2.59 2 3 9
Fuel 2.59 2 3 9
Sink 2.59 2.59
Ash, 
Sycamo 
re & 
Silver 
Birch
Timber 335 3 3 5
Fuel 335 3 3 5
Sink 335 33 5
Intensification
Timber 4.34 4.34
Fuel 4.34 4.34
Sink 4.34 4.34
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6.4.S.2.3 Carbon Sequestration
Crop Strategy Use Carbon Sequestration (t C ha'* yr'*)
UK Canada Brazil Argentina Indonesia TOTAL
Wheat
Food -1.49 3.10 0.00 0.00 1.61
Feed -1.49 3.22 0.00 0.00 1.74
Fuel -1.51 0.45 0 3 2 -1.04 -1.27
Extensification
Food -0.40 1.59 0.00 1.19
Feed -0.40 1.80 0.00 0.00 1.40
Fuel -1.51 0.29 0.53 -0.67 -1.36
Intensification
Food -1.49 3.39 0.00 0.00 1.89
Feed -1.49 3.56 0.00 0.00 2.07
Fuel -1.59 0.58 1.07 -1.35 -1.28
Fuel -1.59 0.58 1.07 -1.35 -1.28
Fuel -1.59 0.44 0.80 -1.01 -1.36
Fuel -1.59 0.44 0.80 -1.01 -1.36
Oilseed
rape
Food -1.52 -0.06 -0.02 4.42 2.81
Fuel -1.54 0.04 0.33 -0.41 -1.59
Extensification
Food -0.42 -0.04 -0.01 2.42 1.95
Fuel -1.55 0.03 0.22 -0.28 -1.58
Intensification
Food -1.51 -0.07 -0.03 4.86 3 2 5
Fuel -1.59 0.05 0.39 -0.50 -1.64
Fuel -1.59 0.05 0.39 -0.50 -1.64
Fuel -1.59 0.04 0.33 -0.41 -1.63
Fuel -1.59 0.04 0.33 -0.41 -1.63
Barley
Feed -1.59 2.19 0.39 -0.49 0.50
Extensification Feed -0.49 1.51 0.21 -0.27 0.96
Intensification Feed -1.59 Z36 0.43 -0.55 0.66
Sugar
Beet
Food -1.59 1.91 6.75 0.17 -0.22 7.02
Fuel -1.59 1.91 0.17 -0.22 0.27
Extensification
Food -1.59 1.19 4.22 0.11 -0.13 3.79
Fuel -1.59 1.19 0.11 -0.13 -0.43
Intensification
Food -1.59 2.86 10.12 0.26 -0.32 11.33
Fuel -1.59 2.86 0.26 -0.32 1.20
Fuel -1.59 1.91 0.17 -0.22 0.27
Miscant
hus
Elec. 1.76 1.76
Heat 1.76 1.76
CHP 1.76 1.76
Extensification
Elec. 1.76 1.76
Heat 1.76 1.76
CHP 1.76 1.76
Intensification
Elec. 1.76 1.76
Heat 1.76 1.76
CHP 1.76 1.76
Willow
SRC
Elec. 1.76 1.76
Heat 1.76 1.76
CHP 1.76 1.76
Extensification
Elec. 1.76 1.76
Heat 1.76 1.76
CHP 1.76 1.76
Intensification Elec. 1.76 1.76
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Heat 1.76 1.76
CHP 1.76 1.76
Scots
Pine
Timber 1.76 1.76
Fuel 1.76 1.76
Sink 3.57 3.57
Intensification
Timber 1.76 1.76
Fuel 1.76 1.76
Sink 3.73 3.73
Europea 
n Larch
Timber 1.76 1.76
Fuel 1.76 1.76
Sink 2^6 2^6
Intensification
Timber 1.76 1.76
Fuel 1.76 1.76
Sink 2.95 2.95
Sitka
Spruce
Timber 1.76 1.76
Fuel 1.76 1.76
Sink 3.72 3.72
Intensification
Timber 1.76 1.76
Fuel 1.76 1.76
Sink 3.90 3.90
Douglas
Fir
Timber 1.76 1.76
Fuel 1.76 1.76
Sink 4.21 4.21
Intensification
Timber 1.76 1.76
Fuel 1.76 1.76
Sink 4.43 4.43
Oak & 
Beech
Timber 1.76 1.76
Fuel 1.76 1.76
Sink 2.74 2.74
Intensification
Timber 1.76 1.76
Fuel 1.76 1.76
Sink 2^2 2 8 2
Ash, 
Sycamo 
re & 
Silver 
Birch
Timber 1.76 1.76
Fuel 1.76 1.76
Sink 2.70 2.70
Intensification
Timber 1.76 1.76
Fuel 1.76 1.76
Sink 2.77 2.77
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6.4.S.3 Strategies for Land Expansion onto Grassland (set G, H and I)
6.4.S.3.1 Indirect Land Use Change (iLUC)
Crop Strategy U se
iLUC (ha.a)
Canada Brazil Argentina Indonesia Total
Wheat
Food 1.31 1.37 -0.13 2.55
Feed 1.22 1.37 -0.13 2.46
Fuel 2.55 0.83 -0.08 3.30
Extensification
Food 2.10 1.37 -0.13 3.35
Feed 1.99 1.37 -0.13 3.23
Fuel 2.70 1.05 -0.10 3.65
Intensification
Food 1.14 1.37 -0.13 Z38
Feed 1.05 1.37 -0.13 2 2 9
Fuel 2.42 0.63 -0.06 2.99
Fuel 2.42 0.63 -0.06 2.99
Fuel 2^6 0.84 -0.08 3.32
Fuel 2.56 0.84 -0.08 3.32
Oilseed rape
Food 2.94 1.38 -0.28 4.05
Fuel 2^7 1.16 -0.11 3.93
Extensification
Food 2.92 1.38 -0.21 4.10
Fuel 2^8 1.22 -0.12 3.98
Intensification
Food 2.94 1.38 -0.29 4.04
Fuel 2^6 1.09 -0.10 3.85
Fuel 2.86 1.09 -0.10 3.85
Fuel 2^7 1.16 -0.11 3.93
Fuel 2 j^ 1.16 -0.11 3.93
Barley
Feed 1.53 1.21 -0.11 2.62
Extensification Feed 1.88 1.29 -0.12 3.05
Intensification Feed 1.44 1.19 -0.11 2.51
Sugar beet
Food 1.55 -0.36 1.27 -0.12 2.34
Fuel 1.55 1.27 -0.12 2.70
Extensification
Food 2.00 -0.24 1.30 -0.12 2.94
Fuel 2.00 1.30 -0.12 3.18
Intensification
Food 0.64 -0.60 1.20 -0.11 1.13
Fuel 0.64 1.20 -0.11 1.73
Fuel 1.55 1.27 -0.12 2.70
Miscanthus
Willow
All forest species
All All 2.91 1.37 -0.13 4.15
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6.4.8.3.2 Biomass Production
Crop Strategy Use Biomass (wet t ha'* yr'*)
UK Canada Brazil Argentina Indonesia TOTAL
Wheat
Food -49.14 -8.51 -34.17 4.06 -87.76
Feed -48.30 -7.20 -34.17 4.06 -85.61
Fuel -48.26 -15.03 -20.58 2.45 -81.43
Extensification
Food -50.67 -12.79 -34.17 4.06 -93.56
Feed -50.42 -11.73 -34.17 4.06 -92.25
Fuel -50.46 -15.90 -26.22 3.12 -89.46
Intensification
Food -48.26 -7.60 -34.17 4.06 -85.97
Feed -47.90 -6.17 -34.17 4.06 -84.18
Fuel -46.06 -14.27 -15.62 1.86 -74.09
Fuel -46.06 -14.27 -15.62 I j # -74.09
Fuel -48.26 -15.09 -20.92 2.49 -81.78
Fuel -48.26 -15.09 -20.92 2.49 -81.78
Oilseed
rape
Food -53.26 -17.33 -34.43 R65 -96.37
Fuel -52.76 -16.93 -28.96 3.45 -95.21
Extensification
Food -54.03 -17.23 -34.31 6.43 -99.14
Fuel -53.96 -16.98 -30.26 3.60 -97.60
Intensification
Food -52.94 -17.35 -34.46 9.11 -95.64
Fuel -51.66 -16.87 -27.14 3.23 -92.44
Fuel -51.66 -16.87 -27.14 3.23 -92.44
Fuel -52.76 -16.93 -28.96 3.45 -95.21
Fuel -52.76 -16.93 -28.96 3.45 -95.21
Barley
Feed -50.46 -9.00 -30.12 3J 8 -86.00
Extensification Feed -51.71 -11.08 -32.14 3.82 -91.11
Intensification Feed -50.14 -8.47 -29.64 3.53 -84.72
Sugar Beet
Food -26.46 -9.13 -6.65 -31.62 3.76 -70.10
Fuel -26.46 -9.13 -31.62 3.76 -63.45
Extensification
Food -36.46 -11.79 -4.43 -32.47 3.86 -81.30
Fuel -36.46 -11.79 -32.47 3.86 -76.86
Intensification
Food -6.46 -3.80 -11.08 -29.93 3.56 -47.71
Fuel -6.46 -3.80 -29.93 3.56 -36.63
Fuel -26.46 -9.13 -31.62 3.76 -63.45
Miscanthus
Elec. -41.46 -17.13 -34.17 4.06 -88.69
Heat -41.46 -17.13 -34.17 4.06 -88.69
CHP -41.46 -17.13 -34.17 4.06 -88.69
Extensification
Elec. -44.46 -17.13 -34.17 4.06 -91.69
Heat -44.46 -17.13 -34.17 4.06 -91.69
CHP -44.46 -17.13 -34.17 4.06 -91.69
Intensification
Elec. -38.46 -17.13 -34.17 4.06 -85.69
Heat -38.46 -17.13 -34.17 4.06 -85.69
CHP -38.46 -17.13 -34.17 4.06 -85.69
Willow
SRC
Elec. -43.46 -17.13 -34.17 4.06 -90.69
Heat -43.46 -17.13 -34.17 4.06 -90.69
CHP -43.46 -17.13 -34.17 4.06 -90.69
Extensification
Elec. -44.46 -17.13 -34.17 4.06 -91.69
Heat -44.46 -17.13 -34.17 4.06 -91.69
CHP -44.46 -17.13 -34.17 4.06 -91.69
Intensification
Elec. -42.46 -17.13 -34.17 4.06 -89.69
Heat -42.46 -17.13 -34.17 4.06 -89.69
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CHP -42.46 -17.13 -34.17 4.06 -89.69
Scots Pine
Timber -48.43 -17.13 -34.17 4.06 -95.66
Fuel -48.43 -17.13 -34.17 4.06 -95.66
Sink -48.43 -17.13 -34.17 4.06 -95.66
Intensification
Timber -47.42 -17.13 -34.17 4.06 -94.65
Fuel -47.42 -17.13 -34.17 4.06 -94.65
Sink -47.42 -17.13 -34.17 4.06 -94.65
European
Larch
Timber -51.01 -17.13 -34.17 4.06 -98.24
Fuel -51.01 -17.13 -34.17 4.06 -98.24
Sink -51.01 -17.13 -34.17 4.06 -98.24
Intensification
Timber -50.33 -17.13 -34.17 4.06 -97.56
Fuel -50.33 -17.13 -34.17 4.06 -97.56
Sink -50.33 -17.13 -34.17 4.06 -97.56
Sitka
Spruce
Timber -45.81 -17.13 -34.17 4.06 -93.04
Fuel -45.81 -17.13 -34.17 4.06 -93.04
Sink -45.81 -17.13 -34.17 4.06 -93.04
Intensification
Timber -44.48 -17.13 -34.17 4.06 -91.71
Fuel -44.48 -17.13 -34.17 4.06 -91.71
Sink -44.48 -17.13 -34.17 4.06 -91.71
Douglas
Fir
Timber -42.32 -17.13 -34.17 4.06 -89.55
Fuel -42.32 -17.13 -34.17 4.06 -89.55
Sink -42.32 -17.13 -34.17 4.06
Intensification
Timber -40.55 -17.13 -34.17 4.06 -87.78
Fuel -40.55 -17.13 -34.17 4.06 -87.78
Sink -40.55 -17.13 -34.17 4.06 -87.78
Oak & 
Beech
Timber -53.85 -17.13 -34.17 4.06 -101.08
Fuel -53.85 -17.13 -34.17 4.06 -101.08
Sink -53.85 -17.13 -34.17 4.06 -101.08
Intensification
Timber -53.53 -17.13 -34.17 4.06 -100.76
Fuel -53.53 -17.13 -34.17 4.06 -100.76
Sink -53.53 -17.13 -34.17 4.06 -100.76
Ash,
Sycamore 
& Silver 
Birch
Timber -52.58 -17.13 -34.17 4.06 -99.81
Fuel -52.58 -17.13 -34.17 4.06 -99.81
Sink -52.58 -17.13 -34.17 4.06 -99.81
Intensification
Timber -52.09 -17.13 -34.17 4.06 -99.33
Fuel -52.09 -17.13 -34.17 4.06 -99.33
Sink -52.09 -17.13 -34.17 4.06 -99.33
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6.4.S.3.3 Carbon Sequestration
Crop Strategy Use Carbon Sequestration (t C ha * yr"*)
UK Canada Brazil Argentina Indonesia TOTAL
Wheat
Food -3.76 -1.38 -1.72 2.17 -4.69
Feed -3.74 -1.29 -1.72 2.17 -4.58
Fuel -3.76 -269 -1.04 1.31 -6.18
Extensification
Food -2.65 -1.72 2.17 -4.42
Feed -2.65 -2.10 -1.72 2.17 -4.30
Fuel -3.77 -2.84 -1.32 1.67 -6.27
Intensification
Food -3.75 -1.20 -1.72 2.17 -4.50
Feed -3.74 -1.10 -1.72 2.17 -4.40
Fuel -3.84 -2.55 -0.79 0.99 -6.19
Fuel -3.84 -2.55 -0.79 0.99 -6.19
Fuel -L84 -2.70 -1.05 1.33 -6.26
Fuel -3.84 -2.70 -1.05 1.33 -6.26
Oilseed
rape
Food -3.80 -3.10 -1.74 4.62 -4.02
Fuel -3.80 -3.03 -1.46 1.84 -6.45
Extensification
Food -2.71 -3.08 -1.73 3.43 -4.08
Fuel -3.82 -3.04 -1.53 1.92 -6.46
Intensification
Food -3.80 -3.10 -1.74 4.86 -3.77
Fuel -3.84 -3.02 -1.37 1.72 -6.50
Fuel -3.84 -3.02 -1.37 1.72 -6.50
Fuel -3.84 -3.03 -1.46 1.84 -6.49
Fuel -3.84 -3.03 -1.46 1.84 -6.49
Barley
Feed -3.84 -1.61 -1.52 1.91 -5.06
Extensification Feed -2.74 -1.98 -1.62 2.04 -4.30
Intensification Feed -3.84 -1.51 -1.49 1.88 -4.97
Sugar Beet
Food -3.84 -1.63 5.06 -1.59 2.01 0.00
Fuel -3.84 -1.63 -1.59 2.01 -5.06
Extensification
Food -3.84 -2.11 3.37 -1.64 2.06 -2.15
Fuel -3.84 -2.11 -1.64 2.06 -5.53
Intensification
Food -0.68 8.44 -1.51 1.90 4.31
Fuel -L84 -0.68 -1.51 1.90 -4.13
Fuel -3.84 -1.63 -1.59 2.01 -5.06
Miscanthus
Elec, -3.06 -1.72 2.17 -2.61
Heat -3.06 -1.72 2.17 -2.61
CHP -3.06 -1.72 2.17 -2.61
Extensification
Elec. -3.06 -1.72 2.17 -2.61
Heat -3.06 -1.72 2.17 -2.61
CHP -3.06 -1.72 2.17 -2.61
Intensification
Elec. -3.06 -1.72 2.17 -2.61
Heat -3.06 -1.72 2.17 -2.61
CHP -3.06 -1.72 2.17 -2.61
Willow
SRC
Elec. -3.06 -1.72 2.17 -2.61
Heat -3.06 -1.72 2.17 -2.61
CHP -3.06 -1.72 2.17 -2.61
Extensification
Elec. -3.06 -1.72 2.17 -2.61
Heat -3.06 -1.72 2.17 -2.61
CHP -3.06 -1.72 2.17 -2.61
Intensification Elec. -3.06 -1.72 2.17 -2.61
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Heat -3.06 -1.72 2.17 -2.61
CHP -3.06 -1.72 2.17 -2.61
Scots Pine
Timber -3.06 -1.72 2.17 -2.61
Fuel -3.06 -1.72 2.17 -2.61
Sink 1.61 -3.06 -1.72 2.17 -1.00
Intensification
Timber -3.06 -1.72 2.17 -2.61
Fuel -3.06 -1.72 2.17 -2.61
Sink 1.77 -3.06 -1.72 2.17 -0.84
European
Larch
Timber -3.06 -1.72 2.17 -2.61
Fuel -3.06 -1.72 2.17 -2.61
Sink 0.90 -3.06 -1.72 2.17 -1.71
Intensification
Timber -3.06 -1.72 2.17 -2.61
Fuel -3.06 -1.72 2.17 -2.61
Sink 0.99 -3.06 -1.72 2.17 -1.62
Sitka
Spruce
Timber -3.06 -1.72 2.17 -2.61
Fuel -3.06 -1.72 2.17 -2.61
Sink 1.76 -3.06 -1.72 2.17 -0.85
Intensification
Timber -3.06 -1.72 2.17 -2.61
Fuel -3.06 -1.72 2.17 -2.61
Sink 1.94 -3.06 -1.72 2.17 -0.67
Douglas
Fir
Timber -3.06 -1.72 2.17 -2.61
Fuel -3.06 -1.72 2.17 -2.61
Sink 2.25 -3.06 -1.72 2.17 -0.36
Intensification
Timber -3.06 -1.72 2.17 -2.61
Fuel -3.06 -1.72 2.17 -2.61
Sink 2.48 -3.06 -1.72 2.17 -0.13
Oak & 
Beech
Timber -3.06 -1.72 2.17 -2.61
Fuel -3.06 -1.72 2.17 -2.61
Sink 0.78 -3.06 -1.72 2.17 -L83
Intensification
Timber -3.06 -1.72 2.17 -2.61
Fuel -3.06 -1.72 2.17 -2.61
Sink 0^6 -3.06 -1.72 2.17 -1.75
Ash,
Sycamore 
& Silver 
Birch
Timber -3.06 -1.72 2.17 -2.61
Fuel -3.06 -1.72 2.17 -2.61
Sink 0.74 -3.06 -1.72 2.17 -1.87
Intensification
Timber -3.06 -1.72 2.17 -2.61
Fuel -3.06 -1.72 2.17 -2.61
Sink 0.82 -3.06 -1.72 2.17 -1.80
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6.4.9 Impact Assessment Results
6.4.9.1 Legend
RefSys -  Reference System 
W -  Wheat
WtFuel -Waste-to-Fuel
W1 -  Wheat straw for ethanol
W2 -  Wheat straw for electricity
FtFeed -  Food-to-Feed
FtFuel -  Food-to-Fuel
e (prefix) -  Extensification / Organic
i -  Intensification
GSR -  Oilseed Rape
O SR l- OSR straw for ethanol
0SR2 -  OSR straw for electricity
3 (suffix) -  low yield (straw for ethanol)
4 (suffix) -  low yield (straw for electricity)
B -  Barley
SB -  Sugar Beet
ESP -  Scots Pine Forest
FEE -  European Larch Forest
FSS -  Sitka Spruce Forest
FDF -  Douglas Fir Forest
FOB -  Oak and Beech Forest
FAS -  Ash, Sycamore and Silver Birch Forest
e (suffix) -  Electricity
h -  Heat
chp -  Combined Heat and Power 
SA -  Set-Aside 
GL -  Grassland
XSA -  Expansion onto set-aside 
XGL -  Expansion onto grassland
E.g. “XGLiFueliW4” means expansion (X) of wheat (W) for ethanol (Fuel) onto grassland (GL) under 
an intensive management system (i), assuming a low yield and straw used for electricity (4).
6.4.9.2 Strategies for Current Cropland (set of land-use strategies A, B and C)
The following sections present the impact assessment results in a written and 
graphical form. The figures show key stages of both foreground and background 
systems. In the foreground system, it is possible to see the direct impacts from the 
land-use strategy adopted in UK in green (“UK biogenic”) and brown (“UK fossil”). 
The green section of the bars indicates the impacts related to the biogenic part of the 
carbon cycle, whereas the brown section refers to the fossil fuel emissions from e.g. 
the fertiliser production and use, machinery diesel, etc. The red, yellow and pale blue 
bars refer to displacement of fossil fuels and fertilisers, food, and feed and vegetable 
oil, respectively; whereas the orange and blue sections refer to the iLUC emissions 
from food, as well as feed and vegetable oil, respectively.
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Where it is unclear which strategy is preferable relative to any other, their numerical 
values are given.
6.4.9.2.1 Climate Change
6.4.9.2.1.1 Wheat
Figure 6.4.16 shows the impacts of the different strategies for wheat on climate 
change, showing the contributions of the different components in the foreground and 
background systems, including biogenic carbon release and sequestration. All the 
changes from the reference system are environmentally benign in terms of climate 
change, with the exception of fbod-to-fuel (FtFuelW) and extensive fuel production 
(eFuelW). This impact category is clearly dominated by the background system, with 
the exception of organic wheat for food. Displaced fossil fuel plays a significant role 
in the fuel strategies but is not the most important component. The displaced food and 
its associated land transformation emissions are partly compensated by the displaced 
feed and its iLUC emissions. Here, displaced food in UK is compensated by the extra 
wheat in the background system (Canada) that was brought into production. The extra 
feed produced in UK, either as a main product or as a co-product, in all strategies, 
particularly fuel, displaces feed production in the background system (soybean meal 
in Argentina and feed wheat in Canada), but results in increased vegetable oil 
production in Indonesia. The overall effect is negative (in a numerical sense), i.e. it 
represents a beneficial effect.
All strategies result in lower emissions in the foreground system (brown and green), 
with the exception of the intensification (i) strategies.
The strategy resulting in the most GHG savings is organic feed. Even though it results 
in substantial emissions from extra wheat production (and its associated land 
transformation), these are more than compensated by avoided emissions from feed 
production, as well as from carbon sequestration in soils of organically-managed land.
Wheat straw is better used for energy than for incorporating in the soil, even though 
more fertiliser is required. Its use for CHP saves more GHGs than using it for 
bioethanol, electricity or heat production (see Figure 6.4.17).
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Figure 6.4.17 GHG savings related to energy recovery of wheat straw (ethanol, electricity, heat and 
CHP)
6 .4 .9 .2 .1.2 O ilseed  Rape
The clim ate change results for the different strategies for o ilseed  rape are show n in  
Figure 6 .4 .18 . W ith the exception  o f  intensification and extensification  (organic) for 
food, there are no GHG savings from changing current use for food. This is m ainly  
because o f  the iLUC effects from increased vegetable oil production in Indonesia. 
C onversely, producing more vegetable o il from oilseed  rape displaces palm  o il and, 
hence, GHGs are saved in the intensification-for-food strategy (iFoodO SR ). N either  
intensive nor extensive b iod iesel production saves GHGs. In fact, u sing o ilseed  rape 
for b iod iesel is the worst use that can be made o f  it because, even  though it saves 
fossil fuel em issions, it has severe iLUC effects that far outw eigh the avoided GHG  
em issions from displaced d iesel.W ith regard to o ilseed  rape straw, like w heat straw, it 
is virtually the sam e to use it for ethanol as for electricity, and both are better than 
incorporating it in the soil in terms o f  GHG savings (see Figure 6 .4 .19).
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Figure 6.4.18 Total GHG emissions (GWP) arising from different land-use management strategies for 
oilseed rape, per reference unit (ha * yr'*) and their relative contribution from different sources
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Figure 6.4.19 GHG savings related to energy recovery o f OSR straw (ethanol and electricity)
6.4.9.2.1.3 Barley
Barley grain and straw managed under both intensification and extensification 
(organic) strategies are assessed here for only one purpose: feed (see
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Figure 6.4.20). Both strategies result in improvements relative to the reference system. 
While intensification can be credited by saving feed production overseas, most of it is 
counterweighted by increased fossil fuel use in the UK. The large benefits are from 
changing management to organic as, even though more feed will have to be produced 
overseas due to decreased yields, this is more than compensated by decreased fossil 
fuel use in the UK and, to a lesser extent, by sequestration of biogenic carbon in soils.
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Strategy for cu rren t arable land: Barley
Figure 6.4.20 Strategies for barley: organic vs intensification
6.4.9.2.1.4 Sugar Beet
Changing management and use from current practice results in emission savings for 
both food and fuel strategies, except for extensive sugar beet production. Emissions 
from increased production overseas (mainly sugar production in Brazil) are 
compensated by avoided emissions from fossil fuels by using bioethanol, but also by 
decreased fossil fuel use in the foreground system. In the ease of intensification, 
avoided emissions from decreased production overseas are not outweighed by 
increase fossil fuel use in the foreground system. In this ease, sugar production in 
Brazil is avoided. Extensive sugar beet production for food and fuel, despite saving 
GHGs in the foreground system, results in a net increase of GHG emissions (Figure 
6.4.21). Extensive ethanol production partly counteracts the emissions for increased 
production overseas with avoided gasoline use.
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6.4.9.2.1.5 Forestry Residues
The recovery of forestry residues from forestry and milling activities was assessed for 
different forestry crops. The climate change impacts of these residues were quantified 
for different energy routes: electricity, heat and combined heat and power (CHP). The 
results are depicted in Figure 6.4.22. The emissions of biogenic carbon are those that 
would otherwise have been sequestered in the soil permanently (25% of total carbon). 
These emissions, when added to the fossil ones related to transport and processing, are 
fully compensated by the amount of fossil fuels displaced, which is coal and natural 
gas for electricity and heat, respectively. It can be noted that combined heat and 
power is the best use of wood chips, followed by electricity and then heat production, 
due to the larger amount of fossil fuels displaced relative to its alternatives.
6.4.9.2.2 Ecosystem Services and Biodiversity
6.4.9.2.2.1 Wheat
The higher level of soil carbon in organic systems implies that they have a 
biodiversity benefit. Indonesia and Canada are affected negatively by having to 
compensate for the decreased wheat production in UK, while Argentina’s saving of 
land is beneficial to biodiversity. It can be seen that Indonesia has a disproportionately 
large impact relative to the amount of land displaced (iLUC) when compared to the 
other countries (see Figure 6.4.23). Diverting straw for fuel has a small impact on 
biodiversity (see Figure 6.4.24).
6.4.9.2.2.2 Oilseed rape
Organic oilseed rape for food has a negative (in a numerical sense) impact on 
biodiversity while the diversion of vegetable oil from oilseed rape to biodiesel 
purposes has a large impact on biodiversity in Indonesia as it produces the extra palm 
oil that compensates for the foregone vegetable oil. See Figure 6.4.25. Oilseed rape 
straw has similar effects on biodiversity as wheat straw (Figure 6.4.26).
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Figure 6.4.23 Ecosystem Services & Biodiversity impacts of alternative strategies for wheat
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Figure 6.4.24 Ecosystem Services & Biodiversity impacts o f alternative strategies for wheat straw
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Figure 6.4.26 Ecosystem Services & Biodiversity impacts o f alternative strategies for OSR straw
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6.4.9.2.2.3 Barley
Organic barley presents a significant benefit to biodiversity relative to the baseline, 
while intensive barley has little effect (see Figure 6.4.27).
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Figure 6.4.27 Ecosystem Services & Biodiversity impaets of alternative strategies for barley
6.4.9.2.2.4 Sugar beet
Sugar beet has a large impact on biodiversity in Brazil, depending on the extra amount 
of sugar demanded from there (Figure 6.4.28).
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Figure 6.4.28 Ecosystem Services & Biodiversity impacts of alternative strategies for sugar beet
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6.4.9.2.2.5 Forestry Residues
Like straw, forestry residues impact only UK biodiversity and in a very minor way 
(Figure 6.4.29).
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Argentina
Brazil
Canada
0.02  -
Land S tr a te g y  fo r  F o r e s tr y  R e s id u e s
Figure 6.4.29 Ecosystem Services & Biodiversity impacts as a result of alternative strategies for 
forestry residues
6.4.9.2.3 Economic value
6.4.9.2.3.1 Wheat
All strategies result in an overall increase in economic value, due to increased 
production globally, with the exception of intensive wheat production for food. This is 
because the low value added in the foreground system is outweighed by the foregone 
value of the displaced wheat production in Canada. Intensive ethanol production 
presents the highest net value added with a high economic output both domestically 
and overseas, even though the economic value of fossil fuels is displaced (see Figure 
6.4.30). Wheat straw is more economically-valuable when used for bioethanol than 
any other use, even though it displaces more value (by displacing the production of 
gasoline) than its alternative uses (Figure 6.4.31).
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Figure 6.4.31 Economic impact as a result of alternative strategies for wheat straw
6.4.9.2.3.2 Oilseed rape
Like wheat, oilseed rape strategies always increase overall economic value, with the 
exception of intensive oilseed rape for food. The most valuable strategy is intensive 
oilseed rape for biodiesel (see Figure 6.4.32). Oilseed rape straw also generates more 
value when used for bioethanol than for power, although to a lesser magnitude as its 
yield is lower than wheat (see Figure 6.4.33).
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Figure 6.4.32 Economic impact as a result of alternative strategies for oilseed rape
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Figure 6.4.33 Economic impact as a result o f alternative strategies for oilseed rape straw
6.4.9.2.3.3 Barley
Organic barley generates more value both domestically and overseas than its intensive 
counterpart (see Figure 6.4.34).
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Figure 6.4.34 Economic impact as a result o f alternative strategies for barley
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6.4.9.2.3.4 Sugar Beet
The alternative sugar beet strategies always generate more value, with the exception 
of intensive production for food as the extra value generated domestically is 
counterweighed by the displaced value overseas. The strategy that generates the most 
value is intensive production for bioethanol, even though it also displaces the most 
value. This is due to the relatively larger value generated domestically and overseas 
from bioethanol and sugar cane production, respectively (see Figure 6.4.35).
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Figure 6.4.35 Economic impact as a result o f alternative strategies for sugar beet
Ô.4.9.2.3.5 Forestry Residues
The recovery of forestry residues for energy always generates a positive net economic 
value. This is because more value is created that displaced. Heat use displaces more 
value than electricity or CHP. See Figure 6.4.36.
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6.4.9.3 Strategies for Land Expansion onto Set-Aside (set D, E and F)
Given the high number of strategies compared in the figures, the highest and lowest 
numerical values are given.
6.4.9.3.1 Climate Change
6.4.9.3.1.1 Wheat
Converting set-aside can save GHGs if wheat is managed organically and used for 
either food or feed, or if managed intensively for fuel. More modest savings arise in 
the strategy whereby wheat is managed intensively on set-aside and used for ethanol if 
its straw is used for ethanol rather than CHP. This is mainly because of the larger 
savings from the displacement coal and natural gas than that of gasoline (see Figure
6.4.37).
6.4.9.3.1.2 Oilseed rape
Only one strategy results in the overall saving of GHGs on set-aside: organic 
production of oilseed rape for food. This is due to the avoided iLUC effects fi-om the 
production of feed and vegetable oil overseas, mainly in Indonesia (see Figure
6.4.38).
6.4.9.3.1.3 Barley
Only organic barley on set-aside presents any GHG savings. This is because of the 
relatively lower emissions in the foreground system, combined with some savings 
fi-om feed production overseas, mainly in Canada (see Figure 6.4.39).
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Figure 6.4.39 Climate-change impacts as a result o f alternative strategies after changing land use from 
set-aside to barley
6.4.9.3.1.4 Sugar Beet
Sugar beet presents GHG savings when grown on set-aside land and used for ethanol. 
Intensive management, in particular, ensures higher savings due to a larger amount of 
avoided gasoline (see Figure 6.4.40).
6.4.9.3.1.5 Miscanthus
Miscanthus always presents GHG savings, regardless of its use for electricity, heat or 
CHP. CHP, in particular, seems the best option due to the avoided natural gas and 
coal. The highest savings are when Miscanthus is managed intensively (see Figure 
6.4.41).
6.4.9.3.1.6 Willow SRC
Willow SRC also always presents emission savings. The largest emission saving 
arises when it is managed intensively and used for CHP, mainly due to the 
displacement of natural gas and coal, but also due to the sequestration of carbon from 
the atmosphere and storage in plant tissue for three-year cycles (see Figure 6.4.42).
6.4.9.3.1.7 Forest
All forest species present GHG savings under every strategy. The largest savings are 
when trees are used as fuel for CHP due to the displacement of fossil fuels (coal and 
natural gas) and as sinks due to the amount of carbon they sequester and store. 
Douglas Fir is the most efficient because it grows faster. See Figure 6.4.43.
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6.4.9.S.2 Ecosystem Services and Biodiversity
6.4.9.3.2.1 Wheat
Only food and feed production have an overall negative value, i.e. a beneficial impact 
on biodiversity. Wheat for fuel, whether intensive or extensive, always impacts on 
biodiversity. Indeed, the largest impact arises when wheat, intensively produced, is 
used for ethanol. This is largely due to land conversion in Indonesia to make up for 
the lost vegetable oil (as a result of displaced soybean production in Argentina). The 
largest saving on biodiversity impacts comes from intensive wheat for feed that 
displaces wheat from more than 3 ha in Canada due to a lower yield (see Figure 
6.4.45).
6.4.9.3.2.2 Oilseed Rape
Changing land use from set-aside to oilseed rape production always impacts more on 
biodiversity when used for biodiesel. Whenever it is used for food, it improves 
biodiversity as the alternative vegetable oil source is palm oil from Indonesia (see 
Figure 6.4.46).
6.4.9.3.2.3 Barley
All strategies for barley production are good for biodiversity due to the alternative 
production that is displaced from Canada, Argentina or Indonesia which would have 
impacted more on biodiversity (see Figure 6.4.47).
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Figure 6.4.46 Ecosystem Services & Biodiversity impact as a result of alternative strategies after 
changing land use from set-aside to barley
6.4.9.3.2.4 Sugar Beet
Sugar beet always benefits biodiversity, particularly when used for food, because it 
displaces production from Brazil.
6.4.9.3.2.5 Miscanthus
Miscanthus is always good for biodiversity in an overall sense. In the UK, Miscanthus 
replacing set-aside has a beneficial effect.
6.4.9.3.2.6 Willow SRC
Willow SRC has benefits for biodiversity for the same reasons as Miscanthus. The 
magnitude is, however, larger due to the higher duration of this crop on the ground.
6.4.9.3.2.7 Forest
All forest species are good for biodiversity, particularly the ones planted on previous 
set-aside as the tree biomass yield there is higher than that on grassland. Forest 
species used as carbon sinks are not harvested and therefore present a higher benefit 
to biodiversity.
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6.4.9.33 Economie value
6.4.9.3.3.1 Wheat
On set-aside, conversion of land to wheat always generates value, with the exception 
of non-organic wheat for food and feed. The largest decrease in net value arises when 
wheat is managed intensively for food (see Figure 6.4.51).
6.4.9.3.3.2 Oilseed Rape
Conversion of land to oilseed rape always generates value, unless it is used for food. 
The largest decrease in net value arises when oilseed rape is managed intensively for 
food (see Figure 6.4.52).
6.4.9.3.3.3 Barley
Conversion of land to barley always generates value. The lowest increase in net value 
arises when barley is managed organically. Barley is only used for feed (Figure 
6.4.53).
6.4.9.3.3.4 Sugar Beet
Conversion of land to sugar beet always generates value, with the exception of non- 
extensive sugar beet for sugar. The largest decrease in net value arises when sugar 
beet is managed intensively for sugar (see Figure 6.4.54).
6.4.9.3.3.5 Miscanthus
Conversion of land to Miscanthus always generates value. The smallest increase in net 
value arises when Miscanthus is managed extensively for heat (see Figure 6.4.55).
6.4.9.3.3.6 Willow SRC
Conversion of land to Willow SRC always generates net value. The smallest increase 
in net value arises when it is managed extensively and used for heat because of the 
foregone value of the displaced natural gas (see Figure 6.4.56).
6.4.9.3.3.7 Forest
Conversion of land to any forest species always generates value, with the exception of 
Douglas Fir for timber. Fuel is the most valuable use, followed by timber. Higher 
yiels from intensive management ensure a higher value. The smallest increase in net
546
value arises when forest species are managed for acting as a carbon sink. Douglas Fir 
is the most value-generating species (see Figure 6.4.57).
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6.4.9 A Strategies for Land Expansion onto Grassland (set G, H and I)
6.4.9.4.1 Climate Change
6.4.9.4.1.1 Arable crops
Converting grassland in the UK to the production of either wheat, oilseed rape, barley 
and sugar beet does not result in any GHG emission savings under any strategy 
because of land-use change emissions and also because of the emissions related to the 
compensation of the foregone grass for grazing by the equivalent feeds from the 
different sources.
6.4.9.4.1.2 Miscanthus
Contrary to the arable crops above, Miscanthus always presents GHG savings. CHP, 
in particular, seems the best option due to the avoided coal and natural gas. The 
highest savings are when Miscanthus is managed intensively.
6.4.9.4.1.3 Willow SRC
Willow SRC also always presents emission savings, particularly when it is used for 
CHP, mainly due to the displacement of coal and natural gas and some due to the 
sequestration of carbon from the atmosphere and storage in plant tissue for three-year 
cycles.
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6.4.9.4.2 Ecosystem Services and Biodiversity
6.4.9.4.2.1 Wheat
Only food and feed production have an overall negative value, i.e. a beneficial impact 
on biodiversity. Wheat for fuel, whether intensive or extensive, always impacts on 
biodiversity. Indeed, the largest impact arises when wheat, intensively produced, is 
used for ethanol. This is largely due to land conversion in Indonesia to make up for 
the lost vegetable oil (as a result of displaced soybean production in Argentina). The 
largest saving on biodiversity impacts comes fi*om intensive wheat for feed that 
displaces wheat from more than 3 ha in Canada due to a lower yield.
Ô.4.9.4.2.2 Oilseed rape
Changing land use fi*om grassland to oilseed rape production always impacts more on 
biodiversity when used for biodiesel. Whenever it is used for food, it improves 
biodiversity as the alternative vegetable oil source is palm oil fi*om Indonesia.
6.4.9.4.2.5 Barley
All strategies for barley production are good for biodiversity due to the alternative 
production that is displaced from Canada, Argentina or Indonesia which would have 
impacted more on biodiversity.
Ô.4.9.4.2.4 Sugar Beet
Sugar beet always benefits biodiversity, particularly when used for food, because it 
displaces production from Brazil.
6.4.9.4.2.5 Miscanthus
Miscanthus is always good for biodiversity in an overall sense. In the UK, Miscanthus 
replacing grassland has no positive or negative effect on biodiversity as carbon stock 
levels do not change. The large effects are overseas, as displaced grassland is 
compensated by soybean and wheat, and the extra soybean oil displaces palm oil, 
hence improving biodiversity in Indonesia. Grassland conversions to Miscanthus 
therefore have an overall higher benefit to biodiversity.
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6.4.9.43 Economie value
6.4.9.4.3.1 Wheat
Conversion of grassland to wheat always generates value. The highest value arises 
when wheat is managed intensively on grassland and its straw used for bioethanol.
6.4.9.4.3.2 Oilseed rape
Conversion of grassland to oilseed rape always generates value. The highest value 
arises when oilseed rape is managed intensively and its straw used for electricity.
Ô.4.9.4.3.3 Barley
Conversion of grassland to barley always generates value. The highest value arises 
when wheat is managed intensively. Barley is only used for feed.
6.4.9.4.3.4 Sugar Beet
Conversion of grassland to sugar beet always generates value, with the exception of 
intensive sugar production. The highest value arises when sugar beet is managed 
intensively and used for bioethanol.
Ô.4.9.4.3.5 Miscanthus
Conversion of grassland to Miscanthus always generates value. The highest value 
arises when Miscanthus is managed intensively and used for electricity.
6.4.9.4.3.6 Willow SRC
Conversion of grassland to Willow SRC always generates value. The highest value 
arises when Willow SRC is managed intensively and used for electricity.
6.4.9.4.3.7 Forest
Conversion of grassland to any forest species always generates value. The highest 
value arises when conifer species are managed intensively and their wood used for 
CHP. Intensively managed oak & beech generate also generate high value when their 
wood used for timber. Douglas Fir is the most value-generating species.
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6.4.10 Integrated Results
This section shows the integration of the environmental and economic results. First, 
climate-change impacts are reported against economic impacts; biodiversity impacts 
are then shown relative to economic impacts. The land-strategies situated to the right 
and down are better.
6.4.10.1 Strategies for Current Cropland (set A, B and C)
6.4.10.1.1 Wheat
See Figure 6.4.79 and Figure 6.4.80.
Wheat
2,000 n
1,000  -
400 600 800200® -200
- 1,000  -
- 2,000 -
-3,000 -
-4,000
£/ha
♦  W tFuelW  Bioethanol
■ W tFuelW  Power
■ W tFuelW  Heat 
A W tFuelW  C HP
FtFeedW  
FtFuelW  
X eFoodW
•  eFeedW  
+ eFuelW  
= IFoodW  
=  IFeedW
IFuelW
Figure 6.4.79 Integrated Climate Change and Economic impacts for wheat strategies
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Figure 6.4.80 Integrated Ecosystem Services & Biodiversity and Economic impacts for wheat 
strategies
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6.4.10.1.2 Oilseed Rape
See Figure 6.4.81 and Figure 6.4.82.
Oilseed Rape
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Figure 6.4.81 Integrated Climate Change and Economic impacts for oilseed rape strategies
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Figure 6.4.82 Integrated Ecosystem Services & Biodiversity and Economic impacts for oilseed rape 
strategies
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6.4.10.1.3 Barley
See Figure 6.4.83 and Figure 6.4.84
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Figure 6.4.83 Integrated Climate Change and Economic impacts for barley strategies
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Figure 6.4.84 Integrated Ecosystem Services & Biodiversity and Economic impacts for wheat 
strategies
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6.4.10.1.4 Sugar Beet
See Figure 6.4.85 and Figure 6.4.86.
Sugar Beet
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Figure 6.4.85 Integrated Climate Change and Economic impacts for sugar beet strategies
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Figure 6.4.86 Integrated Ecosystem Services & Biodiversity and Economic impacts for wheat
strategies
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6.4.10.1.5 Forestry Residues
See Figure 6.4.87 and Figure 6.4.<
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Figure 6.4.87 Integrated Climate Change and Economic impacts for forestry-residues strategies
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Figure 6.4.88 Integrated Ecosystem Services & Biodiversity and Economic impacts for forestry- 
residues strategies
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6.4.10.2 Strategies for Land Expansion onto Set-Aside (set D, E and F)
See Figure 6.4.89 and Figure 6.4.90.
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Figure 6.4.89 Integrated Climate Change and Economic impacts for strategies after land-use change 
from set-aside
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Figure 6.4.90 Integrated Ecosystem Services & Biodiversity and Economic impacts for strategies after 
land-use change from set-aside
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6.4.10.3 Strategies for Land Expansion onto Grassland (set G, H and I)
See Figure 6.4.91 and Figure 6.4.92.
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Figure 6.4.91 Integrated Climate Change and Economic impacts for strategies after land-use change 
from grassland
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Figure 6.4.92 Integrated Ecosystem Services & Biodiversity and Economic impacts for strategies after 
land-use change from grassland
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ANNEX D: GLOSSARY
GLOSSARY OF TERMS, ACRONYMS, ABBREVIATIONS AND UNITS
AEA A consulting firm specialised in energy and climate change 
AGLINK PE model developed by OECD, France and FAQ, Italy 
AGWP Absolute Global Warming Potential 
AIDS Acquired Immune Deficiency Syndrome
Albedo The fraction of solar radiation reflected by a surface or object, often expressed as a percentage. 
Snow-covered surfaces have a high albedo, the surface albedo of soils ranges from high to low, and 
vegetation-covered surfaces and oceans have a low albedo. The Earth’s planetary albedo varies mainly 
through varying cloudiness, snow, ice, leaf area and land cover changes (Baede, 2007).
Allocation Partitioning the input or output flows of a process or a product system between the product 
system under study and one or more other product systems (ISO, 2006)
Ancillary input Material input that is used by the unit process producing the product, but which does 
not constitute part of the product (ISO, 2006)
Anthropogenic Resulting from or produced by human beings.
AoP Area of Protection
Atmosphere The gaseous envelope surrounding the Earth. The dry atmosphere consists almost entirely 
of nitrogen (78.1% volume mixing ratio) and oxygen (20.9% volume mixing ratio), together with a 
number of trace gases, such as argon (0.93% volume mixing ratio), helium and radiatively active 
greenhouse gases such as carbon dioxide (0.035% volume mixing ratio) and ozone. In addition, the 
atmosphere contains the greenhouse gas water vapour, whose amounts are highly variable but typically 
around 1% volume mixing ratio. The atmosphere also contains clouds and aerosols (Baede, 2007).
ATP Adenosine-TriPhosphate
Attributional LCA Type of EGA study in which the environmental impact that can be associated with 
a product or service is described. Can be used in comparative LCA studies. Attributional LCA in a 
regulated form is used for type 111 eco-labelling (environmental product declarations). Also known as 
Accounting LCA, Stand-alone LCA and Retrospective LCA. See also Consequential LCA (Baumann and 
Tillman, 2004).
B Boron
Background system Part of the LCA model, which consists of those processes which are not under the 
direct influence of the decision maker. See also Foreground system (Baumann and Tillman, 2004).
Baseline The baseline (or reference) is the state against which change is measured. It might be a 
“current baseline,” in which case it represents observable, present-day conditions. It might also be a 
“future baseline,” which is a projected future set of conditions excluding the driving factor of interest. 
Alternative interpretations of the reference conditions can give rise to multiple baselines (IPCC, 2007).
BC Before Christ
BEAT Biomass Environmental Assessment Tool
Biodiesel Biodiesel (fatty acid methyl ester, FAME) is produced by estérification from vegetable oils, at 
present mainly from rapeseed oil, soya oil and palm oil. 2"^-generation biofuels include Fischer-Tropsch 
diesel (Schubert et a l, 2009).
Biodiversity The numbers and relative abundances of different genes (genetic diversity), species, and 
ecosystems (communities) in a particular area (IPCC, 2001).
Bioenergy Bioenergy is the final or useful energy that can be released and made available from biomass 
(Schubert et al, 2009). By “bioenergy”, it is meant energy derived from biomass such as ligno-cellulosic 
crops (willow, Miscanthus, poplar) for heat and/or power or second generation fuel; starch/cereal crops 
(e.g. maize and wheat), and sugar crops (e.g. sugar cane, sugarbeet) for bioethanol and vegetable oil 
crops (e.g. oilseed rape, oil palm, coconut, peanuts, sunflower, soybean and Jatropha) for biodiesel.
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Bioethanol Bioethanol is produced from biomass with the aid of yeasts or bacteria, and subsequently 
purified and concentrated by means of distillation or rectification. Grain or sugar cane are the most 
common feedstock materials. Ethanol can also be produced from vegetable wastes, wood or straw 
(lignocellulose ethanol), but this process is still at the development stage. Bioethanol can be blended with 
petrol or used in its pure form as a fuel in vehicle engines, but also in small-scale CHP units (Schubert et 
al, 2009).
Biofuel carbon debt The amount of carbon that is released from plant biomass and soil as a result of 
land conversion to biofuels. “Carbon payback time” of different biofuels refers to the number o f years 
required for the carbon savings from avoided fossil fuel combustion to offset the losses in ecosystem 
carbon from clearing land to grow new feedstocks (Fargione et al., 2008; Gibbs et al., 2008).
Biofuels Any liquid, gaseous, or solid fuel produced from plant or animal organic matter. E.g. soybean 
oil, alcohol from fermented sugar, black liquor from the paper manufacturing process, wood as fuel, etc. 
Second-generation biofuels are products such as ethanol and biodiesel derived from ligno-cellulosic 
biomass by chemical or biological processes (Verbruggen, 2007).
Biogenic carbon Carbon derived from biogenic (plant or animal) sources excluding fossil carbon. Note 
that peat is treated as a fossil carbon as it takes so long to replace harvested peat (IPCC, 2006).
Biomass The total mass of living organisms in a given area or volume or of a given species usually 
expressed as dry weight; dead plant material can be included as dead biomass. Organic matter consisting 
of or recently derived from living organisms (especially regarded as fuel) excluding peat. Includes 
products, by-products and waste derived from such material (Baede, 2007).
Biome A biome is a major and distinct regional element of the biosphere, typically consisting of several 
ecosystems (e.g. forests, rivers, ponds, swamps within a region). Biomes are characterised by typical 
communities of plants and animals (Baede, 2007).
Biosphere The part of the Earth system comprising all ecosystems and living organisms in the 
atmosphere, on land (terrestrial biosphere), or in the oceans (marine biosphere), including derived dead 
organic matter such as litter, soil organic matter, and oceanic detritus (Baede, 2007).
Biota All living organisms of an area; the flora and fauna considered as a unit (IPCC, 2007).
Boreal forest Forests of pine, spruce, fir, and larch stretching from the east coast of Canada westward 
to Alaska and continuing from Siberia westward across the entire extent of Russia to the European Plain 
(IPCC, 2007).
BP British Petroleum
BPP Biotic Production Potential
BRA Brazil
BSI British Standard Institute
BSORT Model for estimation of biomass in different components of trees and forest stands of different 
species
C Carbon
C sink Carbon sink
C3 plants A pathway for carbon fixation in photosynthesis. Plants that produce a three-carbon 
compound during photosynthesis, including most trees and agricultural crops such as rice, wheat, 
soybeans, potatoes and vegetables (Baede, 2007).
C4 plants A pathway for carbon fixation in photosynthesis. Plants that produce a four-carbon 
compound during photosynthesis, mainly of tropical origin, including grasses and the agriculturally 
important crops maize, sugar cane, millet and sorghum (Baede, 2007).
Ca Calcium
Carbon budget The balance of the exchanges of carbon between carbon pools or within one specific 
loop (e.g., atmosphere -biosphere) of the carbon cycle (IPCC, 2006).
Carbon cycle The term used to describe the flow of carbon (in various forms, e.g., as carbon dioxide) 
through the atmosphere, ocean, terrestrial biosphere and lithosphere (Baede, 2007).
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CaO Calcium oxide
CAPRI PE model developed by JRC-IPTS, Spain and LEI, Wageningen University, the Netherlands
Carbon dioxide A naturally occurring gas, also a by-product of burning fossil fuels from fossil carbon 
deposits, such as oil, gas and coal, of burning biomass and of land use changes and other industrial 
processes. It is the principal anthropogenic greenhouse gas that affects the Earth’s radiative balance. It is 
the reference gas against which other greenhouse gases are measured and therefore has a Global 
Warming Potential of 1 (Baede, 2007).
Carbon dioxide equivalents Carbon dioxide equivalents are a measure of the degree to which a 
mixture of gases contributes to global warming. A conversion factor, the Global Warming Potential, 
expresses the radiative forcing of other greenhouse gases as an equivalent quantity of CO2 . This makes it 
possible to register and compare the impacts of all greenhouse gases using a common metric (IPCC,
2006).
Carbon sink A carbon sink is a reservoir that absorbs and stores carbon in a temporary or permanent 
manner. The concept is not to be confused with that of the carbon store. While the store (or stock) is 
static, i.e. contains a certain quantity of carbon, sinks are dynamic, i.e. can experience incremental gains, 
as in the case of newly planted forests (Schubert et a l, 2009). See also Pool.
CARD Center for Agriculture and Rural Development (US)
Category endpoint Attribute or aspect of natural environment, human health, or resources, identifying 
an environmental issue giving cause for concern (ISO, 2006)
CBD Convention of Biological Diversity (UN)
CF Characterisation Factor
CGE Computable General Equilibrium
Characterization factor Factor derived from a characterization model which is applied to convert an 
assigned life cycle inventory analysis result to the common unit of the category indicator (ISO, 2006)
Characterisation factors Scientifically based indicators that are quantitative measures of
environmental impact. Characterisation factors may also be called equivalents, potentials, category 
indicators or characterisation indicators (Baumann and Tillman, 2004).
Characterisation methods Scientific methods and models used for the development of
characterisation factors (Baumann and Tillman, 2004).
CH4 Methane
CHP Combined Heat and Power 
Cl Chlorine
Climate Climate in a narrow sense is usually defined as the average weather, or more rigorously, as the 
statistical description in terms of the mean and variability of relevant quantities over a period of time 
ranging from months to thousands or millions o f years. The classical period for averaging these variables 
is 30 years, as defined by the World Meteorological Organization. The relevant quantities are most often 
surface variables such as temperature, precipitation and wind. Climate in a wider sense is the state, 
including a statistical description, of the climate system. In various chapters in this report different 
averaging periods, such as a period of 20 years, are also used (Baede, 2007)..
Climate change Climate change refers to a change in the state of the climate that can be identified (e.g., 
by using statistical tests) by changes in the mean and/or the variability of its properties, and that persists 
for an extended period, typically decades or longer. Climate change may be due to natural internal 
processes or external forcings, or to persistent anthropogenic changes in the composition of the 
atmosphere or in land use. Note that the Framework Convention on Climate Change (UNFCCC), in its 
Article 1, defines climate change as: ‘a change of climate which is attributed directly or indirectly to 
human activity that alters the composition of the global atmosphere and which is in addition to natural 
climate variaWlity observed over comparable time periods’. The UNFCCC thus makes a distinction 
between climate change attributable to human activities altering the atmospheric composition, and 
climate variability attributable to natural causes (Baede, 2007).
Climate model A numerical representation of the climate system based on the physical, chemical and 
biological properties of its components, their interactions and feedback processes, and accounting for all
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or some of its known properties. The climate system can be represented by models of varying 
complexity, that is, for any one component or combination of components a spectrum or hierarchy of 
models can be identified, differing in such aspects as the number of spatial dimensions, the extent to 
which physical, chemical or biological processes are explicitly represented, or the level at which 
empirical parametrizations are involved. Coupled Atmosphere-Ocean General Circulation Models 
(AOGCMs) provide a representation of the climate system that is near the most comprehensive end of 
the spectrum currently available. There is an evolution towards more complex models with interactive 
chemistry and biology. Climate models are applied as a research tool to study and simulate the climate, 
and for operational purposes, including monthly, seasonal and interannual climate predictions (Baede,
2007).
Climate system The climate system is the highly complex system consisting of five major components: 
the atmosphere, the hydrosphere, the cryosphere, the land surface and the biosphere, and the interactions 
between them. The climate system evolves in time under the influence of its own internal dynamics and 
because of external forcings such as volcanic eruptions, solar variations and anthropogenic forcings such 
as the changing composition of the atmosphere and land use change (Baede, 2007).
Co-product Any of two or more products coming from the same unit process or product system (ISO, 
2006)
Comparative assertion Environmental claim regarding the superiority or equivalence of one product 
versus a competing product that performs the same function (ISO, 2006)
Completeness check Process of verifying whether information from the phases of a life cycle 
assessment is sufficient for reaching conclusions in accordance with the goal and scope definition (ISO, 
2006)
Complex system Composed of several interacting elements. The complexity of a system depends on 
the number of elements, the number of interactions among the elements, and the characteristics of the 
elements and the interactions (Common and Stagl, 2005).
Consequential LCA Type of LCA study in which environmental consequences of alternative courses 
of action are compared, e.g. the existing situation is compared with a new one involving for example 
more recycling or new process technology. See also Attributional LCA (Baumann and Tillman, 2004).
Consistency check Process of verifying that the assumptions, methods and data are consistently applied 
throughout the study and are in accordance with the goal and scope definition performed before 
conclusions are reached (ISO, 2006)
CO 2 See Carbon Dioxide.
COz-eq See Carbon Dioxide equivalents
COP Conference of Parties
COSIMO PE model developed by OECD, France and FAO, Italy 
CPO Crude Palm Oil
Cradle-to-grave LCA model which includes the whole product life cycle, i.e. all steps from raw 
material extraction to waste disposal (Baumann and Tillman, 2004).
Cradle-to-gate LCA model which includes upstream part of the product life cycle, i.e. all steps from 
raw material extraction to product or factory gate (Baumann and Tillman, 2004).
Critical review Process intended to ensure consistency between a life cycle assessment and the 
principles and requirements of the International Standards on life cycle assessment (ISO, 2006)
Cropland Agricultural area under arable and horticultural crop production, as well as temporary grass 
(< 5 years old)
CTCD Centre for Terrestrial Carbon Dynamics (UK)
Cu Copper
Cut-off criteria Specification of the amount of material or energy flow or the level of environmental 
significance associated with unit processes or product system to be excluded from a study (ISO, 2006)
DARD Department of Agriculture and Rural Development (Northern Ireland)
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DART Dynamic Applied Regional Trade
Data quality Characteristics of data that relate to their ability to satisfy stated requirements (ISO,
2006)
DDGS Dried Distillers Grains with Solubles
DECC Department of Energy and Climate Change (UK)
Deforestation Conversion of forest to non-forest. For a discussion of the term forest and related terms 
such as afforestation, reforestation, and deforestation see the IPCC Special Report on Land Use, Land- 
Use Change and Forestry (IPCC, 2000). See also the report on Definitions and Methodological Options 
to Inventory Emissions from Direct Human-induced Degradation of Forests and Devegetation of Other 
Vegetation Types (Baede, 2007).
DEFRA Department for Environment, Food and Rural Affairs (UK)
DEPC Department for Environment, Planning and the Countryside (Wales)
Desert An ecosystem with less than 100 mm precipitation per year (IPCC, 2007).
Desertification Land degradation in arid, semi-arid, and dry sub-humid areas resulting from various 
factors, including climatic variations and human activities. The United Nations Convention to Combat 
Desertification defines land degradation as a reduction or loss in arid, semi-arid, and dry sub-humid 
areas, of the biological or economic productivity and complexity of rain-fed cropland, irrigated cropland, 
or range, pasture, forest, and woodlands resulting from land uses or from a process or combination of 
processes, including processes arising from human activities and habitation patterns, such as (i) soil 
erosion caused by wind and/or water; (ii) deterioration of the physical, chemical and biological or 
economic properties of soil; and (iii) long-term loss of natural vegetation (Baede, 2007).
dLUC Direct land-use change. See land transformation.
DM Dry Matter
DOM Dead Organic Matter
Duk Demand of the UK
DUKES Digest of United Kingdom Energy Statistics 
E Marginal Exporter 
EC European Commission
Ecosystem A system of living organisms interacting with each other and their physical environment. 
The boundaries of what could be called an ecosystem are somewhat arbitrary, depending on the focus of 
interest or study. Thus, the extent of an ecosystem may range from very small spatial scales to, 
ultimately, the entire Earth (Baede, 2007).
Ecosystem services Ecological processes or functions having monetary or non-Monetary value to 
individuals or society at large. There are (i) supporting services such as productivity or biodiversity 
maintenance, (ii) provisioning services such as food, fibre, or fish, (iii) regulating services such as 
climate regulation or carbon sequestration, and (iv) cultural services such as tourism or spiritual and 
aesthetic appreciation (IPCC, 2007).
ECS Ecosystem Carbon Stock
ECSfin ECS at the end of the cultivation period
ECSini ECS at the start of the land use studied
ECSpot Potential level of ECS if land is left undisturbed
ED Excess Demand
EDjviarExp Excess Demand of Marginal Exporter 
E J Exajoules (lO^^joules)
Elasticity of supply/demand The ratio between the proportional change in the quantity of a good 
supplied/demanded and a proportional change in its price (Black, 2002).
ELD Economically Less Developed
590
Elementary flow Material or energy entering the system being studied that has been drawn from the 
environment without previous human transformation, or material or energy leaving the system being 
studied that is released into the environment without subsequent human transformation (ISO, 2006)
EMD Economically More Developed
Emergent properties The principle that whole entities exhibit properties which are meaningful only 
when attributed to a whole, not to its parts. Every model of a human activity system exhibits properties as 
a whole entity which derive from its component activities and their structure, but cannot be reduced to 
them (Checkland, 1999).
Energy The amount of work or heat delivered. Energy is classified in a variety of types and becomes 
useful to human ends when it flows from one place to another or is converted from one type into another. 
Primary energy (also referred to as energy sources) is the energy embodied in natural resources (e.g., 
coal, crude oil, natural gas, uranium) that has not undergone any anthropogenic conversion. It is 
transformed into secondary energy by cleaning (natural gas), refining (oil in oil products) or by 
conversion into electricity or heat. When the secondary energy is delivered at the end-use facilities it is 
called final energy (e.g., electricity at the wall outlet), where it becomes usable energy (e.g., light). Daily, 
the sun supplies large quantities of energy as rainfall, winds, radiation, etc. Some share is stored in 
biomass or rivers that can be harvested by men. Some share is directly usable such as daylight, 
ventilation or ambient heat. Renewable energy is obtained from the continuing or repetitive currents of 
energy occurring in the natural environment and includes non-carbon technologies such as solar energy, 
hydropower, wind, tide and waves and geothermal heat, as well as carbon-neutral technologies such as 
biomass. Embodied energy is the energy used to produce a material substance (such as processed metals 
or building materials), taking into account energy used at the manufacturing facility (zero order), energy 
used in producing the materials that are used in the manufacturing facility (first order), and so on 
(Verbruggen, 2007).
Energy balance The difference between the total incoming and total outgoing energy. If  this balance is 
positive, warming occurs; if  it is negative, cooling occurs. Averaged over the globe and over long time 
periods, this balance must be zero. Because the climate system derives virtually all its energy from the 
Sun, zero balance implies that, globally, the amount of incoming solar radiation on average must be equal 
to the sum of the outgoing reflected solar radiation and the outgoing thermal infrared radiation emitted by 
the climate system. A perturbation of this global radiation balance, be it anthropogenic or natural, is 
called radiative forcing (Baede, 2007).
Energy crops Energy crops are cultivated for the purpose of extracting energy from their biomass. This 
may involve using either a specific part of the crop (e.g. maize grain or vegetable oil extracted from 
seeds), or the entire aboveground biomass, e.g. certain grass species or woody species such as poplar or 
willow (Schubert et a l, 2009).
Energy flow Input to or output from a unit process or product system, quantified in energy units (ISO,
2006)
Environmental aspect Element of an organization's activities, products or services that can interact 
with the environment (ISO, 2006)
Environmental impact Consequences of pollution, e.g. eutrophication, depletion of stratospheric 
ozone, climate change and biodiversity loss (Baumann and Tillman, 2004).
Environmental mechanism System of physical, chemical and biological processes for a given impact 
category, linking the life cycle inventory analysis results to category indicators and to category endpoints 
(ISO, 2006)
Equivalent carbon dioxide (CO2) emission The amount of carbon dioxide emission that would cause 
the same integrated radiative forcing, over a given time horizon, as an emitted amount of a well-mixed 
greenhouse gas or a mixture of well mixed greenhouse gases. The equivalent carbon dioxide emission is 
obtained by multiplying the emission of a well-mixed greenhouse gas by its Global Warming Potential 
for the given time horizon. For a mix of greenhouse gases it is obtained by summing the equivalent 
carbon dioxide emissions of each gas. Equivalent carbon dioxide emission is a standard and useful metric 
for comparing emissions of different greenhouse gases but does not imply exact equivalence of the 
corresponding climate change responses (Baede, 2007). See Carbon dioxide equivalents.
eq. equivalent. See Characterisation factors.
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Erosion The process of removal and transport of soil and rock by weathering, mass wasting, and the 
action of streams, glaciers, waves, winds, and underground water (IPCC, 2007).
ES Ecosystem Services
ES Excess Supply
ESF Ecosystem Services Framework
ESMarExp Excess Supply of Marginal Exporter
ESQ Ecological Soil Quality
EU European Union
Eutrophication The process by which a body of water (often shallow) becomes (either naturally or by 
pollution) rich in dissolved nutrients with a seasonal deficiency in dissolved oxygen (IPCC, 2007).
Evaluation Element within the life cycle interpretation phase intended to establish confidence in the 
results of the life cycle assessment (ISO, 2006)
Evapotranspiration The combined process of evaporation from the Earth’s surface and transpiration 
from vegetation (Baede, 2007).
Externality A cost or benefit arising from any activity which does not accrue to the person or 
organization carrying on the activity. External costs or diseconomies are damage to other people or the 
environment, which does not have to be paid for by those carrying on the activity. E.g. radiation, river or 
air pollution, or noise. External benefits or economies are effects of an activity which are pleasant or 
profitable for other people that cannot be charged for them. E.g. ecosystem services.
FAO Food and Agricultural Organisation (UN)
FAGSTAT The Statistical Database of the Food and Agricultural Organisation (UN)
FAPRI Food and Agricultural Policy Research Institute (US)
FCF Five Capitals Framework 
Fe Iron
Feedstock energy Heat of combustion of a raw material input that is not used as an energy source to a 
product system, expressed in terms of higher heating value or lower heating value (ISO, 2006)
FF&C Fossil Fuel and Cement Emissions
FFB Fresh Fruit Bunches
Fibre Wood, timber, ftielwood, either woody or non-woody (IPCC, 2001).
Flowchart Visual representation of the LCA model (Baumann and Tillman, 2004).
Flux The rate of flow of any liquid or gas, across a given area; the amount of this crossing a given area 
in a given time. E.g., "Flux of CO2  absorbed by forests" (IPCC, 2006).
fNFF Free Net Primary Production
Food insecurity A situation that exists when people lack secure access to sufficient amounts of safe and 
nutritious food for normal growth and development and an active and healthy life. It may be caused by 
the unavailability of food, insufficient purchasing power, inappropriate distribution, or inadequate use of 
food at the household level. Food insecurity may be chronic, seasonal, or transitory (IPCC, 2001).
Foreground system Part of the LCA model, which consists of those processes on which measures may 
be taken as a result of decisions based on the LCA study. See also Background system (Baumann and 
Tillman, 2004).
Forest A vegetation type dominated by trees. Many definitions of the term forest are in use throughout 
the world, reflecting wide differences in biogeophysical conditions, social structure and economics. For a 
discussion of the term forest and related terms such as afforestation, reforestation and deforestation 
(Baede, 2007).
Fossil carbon Carbon derived from fossil fuel or other fossil source (IPCC, 2006).
592
Fossil fuel emissions Emissions of greenhouse gases (in particular carbon dioxide) resulting from the 
combustion of fuels from fossil carbon deposits such as oil, gas and coal (Baede, 2007).
Fuel Any substance burned as a source of energy such as heat or electricity (IPCC, 2006).
Fuel combustion The intentional oxidation of materials within an apparatus that is designed to provide 
heat or mechanical work to a process, or for use away from the apparatus (IPCC, 2006).
Fuel wood Wood used directly as fuel (IPCC, 2006).
Functional unit The functional unit expresses the function of studied product or service in quantitative 
terms and serves as basis of calculations. It is the reference flow to which all other flows in the LCA 
model are related. It also serves as unit of comparison in comparative studies (Baumann and Tillman, 
2004). Quantified performance of a product system for use as a reference unit (ISO, 2006)
FYM Farmyard Manure
G Gram
G8  The group of eight leading industrialised countries 
GDP See Gross Domestic Product
GEFSOC Global Environment Facility Soil Organic Carbon
General equilibrium analysis General equilibrium analysis considers simultaneously all the markets 
and feedback effects among these markets in an economyleading to market clearance (Verbruggen,
2007).
Geo-engineering Technological efforts to stabilize the climate system by direct intervention in the 
energy balance of the Earth for reducing global warming (Verbruggen, 2007).
Gha Gigahectare or milliard hectares
GHG Greenhouse Gas
GHGs Greenhouse Gases
GIS Geographic Information System
G J Gigajoules (10^ joules)
Global W arming Potential An index, based upon radiative properties of well-mixed greenhouse gases, 
measuring the radiative forcing of a unit mass of a given well-mixed greenhouse gas in the present-day 
atmosphere integrated over a chosen time horizon, relative to that of carbon dioxide. The GWP 
represents the combined effect of the differing times these gases remain in the atmosphere and their 
relative effectiveness in absorbing outgoing thermal infrared radiation. The Kyoto Protocol is based on 
GWPs from pulse emissions over a 100-year time frame (Baede, 2007).
Globalisation The growing integration and interdependence of countries worldwide through the 
increasing volume and variety of crossborder transactions in goods and services, free international capital 
flows, and the more rapid and widespread diffusion of technology, information and culture (IPCC, 2007).
GPP See Gross Primary Production
Grasslands Grasslands and rangelands occupy more than half of the ice free land area of the world and 
occur in all climatic zones. They are characterized by grasses, legumes and herbs, usually with a small 
percentage of trees and shrubs. There are many types of natural pasture, with vegetation characteristics 
determined by climate and soil conditions, by grazing animals, and fire. Organic grasslands refer to areas 
under farming management for livestock production that also provide wildlife refuge habitat, where 
operators can also maintain and facilitate biodiversity and nature conservation.
Greenhouse effect Greenhouse gases effectively absorb thermal infrared radiation, emitted by the 
Earth’s surface, by the atmosphere itself due to the same gases, and by clouds. Atmospheric radiation is 
emitted to all sides, including downward to the Earth’s surface. Thus, greenhouse gases trap heat within 
the surface-troposphere (Baede, 2007).
Greenhouse gas Greenhouse gases are those gaseous constituents of the atmosphere, both natural and 
anthropogenic, that absorb and emit radiation at specific wavelengths within the spectrum of thermal 
infrared radiation emitted by the Earth’s surface, the atmosphere itself, and by clouds. This property 
causes the greenhouse effect. Water vapour (H2 O), carbon dioxide (CO2), nitrous oxide (N2 O), methane
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(CH4) and ozone (O3) are the primary greenhouse gases in the Earth’s atmosphere. Moreover, there are a 
number of entirely human-made greenhouse gases in the atmosphere, such as the halocarbons and other 
chlorine- and bromine-containing substances, dealt with under the Montreal Protocol. Beside CO2 , N2O 
and CH4 , the Kyoto Protocol deals with the greenhouse gases sulphur hexafluoride (SF6 ), 
hydrofluorocarbons (HFCs) and perfluorocarbons (PFCs) (Baede, 2007).
Gross Domestic Product The sum of gross value added, at purchasers’ prices, by all resident and non­
resident producers in the economy, plus any taxes and minus any subsidies not included in the value of 
the products in a country or a geographic region for a given period of time, normally 1 year. It is 
calculated without deducting for depreciation of fabricated assets or depletion and degradation of natural 
resources. GDP is an often used but incomplete measure of welfare (Verbruggen, 2007).
Gross Prim ary Production The amount of energy fixed from the atmosphere through photosynthesis 
(Baede, 2007)
Gt Gigatonne (10^ tonnes)
GTAP Global Trade Analysis Project (CGE developed by Purdue University, US)
GtC Gigatonnes of Carbon 
GWh Gigawatt hour 
GWP Global Warming Potential 
H Hydrogen
H abitat The particular environment or place where an organism or species tend to live; a more locally 
circumscribed portion of the total environment (IPCC, 2007)
H 2O  W a te r
H 2PO 4 Dihydrogen Phosphate 
H3BO3 Boric Acid 
Ha Hectare 
ha.a Hectare-year
HANPP Human Appropriation of Net Primary Production 
HAPECS Human Appropriation of Ecosystem Carbon Stock 
HIV Human Immunodeficiency Virus 
HPO4 Hydrogen Phosphate
Human system Any system in which human organizations play a major role. Often, but not always, the 
term is synonymous with “society” or “social system”, e.g., agricultural system, political system, 
technological system, economic system (IPCC, 2007).
HWSD Harmonised World Soil Database
Hydrosphere The component of the climate system composed of liquid surface and subterranean water, 
such as oceans, seas, rivers, freshwater lakes, underground water, etc. (Baede, 2007).
i.e. id est (in English, that is to say)
IC Impact Category
lEA International Energy Agency
lES Institute for Environment and Sustainability (IRC)
IFOAM International Federation of Organic Agriculture Movement
IFPRI International Food Policy Research Institute
ILUC See Indirect Land-Use Change.
IMPACT PE model developed by IFPRI, US
(Climate) Im pact assessment The practice of identifying and evaluating the detrimental and beneficial 
consequences of climate change on natural and human systems (IPCC, 2007).
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Impact category Class representing environmental issues o f concern to which life cycle inventory 
analysis results may be assigned (ISO, 2006)
Impact category indicator Quantifiable representation o f an impact category (ISO, 2006)
(Climate) Impacts Consequences o f climate change on natural and human systems. Depending on the 
consideration o f adaptation, one can distinguish between potential impacts and residual impacts (IPCC,
2007). Potential impacts: All impacts that may occur given a projected change in climate, without 
considering adaptation. Residual impacts: The impacts o f climate change that would occur after 
adaptation (IPCC, 2007).
Indigenous peoples People whose ancestors inhabited a place or a country when persons fi-om another 
culture or ethnic background arrived on the scene and dominated them through conquest, settlement, or 
other means and who today live more in conformity with their own social, economic, and cultural 
customs and traditions than those o f the country o f which they now form a part (also referred to as 
“native,” “aboriginal,” or “tribal” peoples) (IPCC, 2007).
Indirect land use change As farmers divert existing crops or croplands into biofiiels as a response to 
the higher prices attained by increased demand for bioftiels, the diversion triggers higher food and feed 
crop prices, and farmers around the world respond by clearing more forest and grassland to replace crops 
for feed and food (Searehinger et a l ,  2008).
Industrial revolution A period o f rapid industrial growth with far-reaching social and economic 
consequences, beginning in Britain during the second half o f the eighteenth century and spreading to 
Europe and later to other countries including the United States. The invention o f  the steam engine was an 
important trigger o f this development. The industrial revolution marks the beginning o f a strong increase 
in the use o f fossil fuels and emission of, in particular, fossil carbon dioxide. In this report the terms pre­
industrial and industrial refer, somewhat arbitrarily, to the periods before and after 1750, respectively 
(Baede, 2007).
Input Product, material or energy flow that enters a unit process (ISO, 2006)
Integrated assessment A method of analysis that combines results and models fi'om the physical, 
biological, economic and social sciences, and the interactions between these components, in a consistent 
framework, to evaluate the status and the consequences o f environmental change and the policy 
responses to it (IPCC, 2007).
Interested party Individual or group eoneemed with or affected by the environmental performance o f a 
product system, or by the results o f the life cycle assessment (ISO, 2006)
Intergovernmental Panel on Climate Change Established in 1988 by the World Meteorological 
Organization and the UN Environment Programme, the IPCC surveys world-wide scientific and technical 
literature and publishes assessment reports that are widely recognized as the most credible existing 
sources o f information on climate change. The IPCC also works on methodologies and responds to 
specific requests from the Convention's subsidiary bodies. The IPCC is independent o f the UNFCCC 
(UNFCCC, 2010).
Intermediate flow Product, material or energy flow occurring between unit processes o f the product 
system being studied (ISO, 2006)
Intermediate product Output from a unit process that is input to other unit processes that require 
further transformation within the system (ISO, 2006)
Internatlising externalities Methods o f getting those producing external costs o f benefits to take 
account o f them in their decision-making
IQ Input-Output
IPCC Intergovernmental Panel on Climate Change 
IPTS Institute for Prospective Technological Studies (JRC)
ISO International Organisation for Standardization 
J Joules
JRC Joint Research Centre (EC). The mission o f the JRC is to provide customer-driven scientific and 
technical support for the conception, development, implementation and monitoring o f the EU policies.
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As a directorate general o f the European Commission, the JRC functions as a centre of reference in 
science and technology for the European Union.
K  Potassium
K2O Potassium oxide
Kcal Kilocalorie
Kg Kilogram
Km^ Square Kilometre
kWh Kilowatt hour
Kyoto Protocol The Kyoto Protocol to the United Nations Framework Convention on Climate Change 
(UNFCCC) was adopted in 1997 in Kyoto, Japan, at the Third Session o f the Conference o f the Parties 
(COP) to the UNFCCC. It contains legally binding commitments, in addition to those included in the 
UNFCCC. Countries included in Annex B o f the Protocol (most Organisation for Economic Cooperation 
and Development countries and countries with economies in transition) agreed to reduce their 
anthropogenic greenhouse gas emissions (carbon dioxide, methane, nitrous oxide, hydrofluorocarbons, 
perfluorocarbons, and sulphur hexafluoride) by at least 5% below 1990 levels in the commitment period 
2008 to 2012. The Kyoto Protocol entered into force on 16 February 2005 (Baede, 2007).
Land Land and Land Resources refer to a delineable area o f the earth's terrestrial surface, 
encompassing all attributes o f the biosphere immediately above or below this surface, including those o f  
the near-surface, climate, the soil and terrain forms, the surface hydrology (including shallow lakes, 
rivers, marshes and swamps), the near-surfaee sedimentary layers and associated groundwater and 
geohydrological reserve, the plant and animal populations, the human settlement pattern and physical 
results o f past and present human activity, e.g terracing, water storage or drainage structures, roads, 
buildings, etc. (UN, 1994).
Land Competition There is competition for land use between energy crops and food crops. Bioenergy 
plantations can appropriate significant areas o f both cropland and grazing land. There is competition 
between food crops mainly for subsistence, cash crops for food and cash crops for energy. There is also 
competition for land between all agricultural land uses, inel. pastures, forests, tree plantations, etc (FAQ, 
2011).
Land Cover The observed (bio)physieal cover on the earth’s surface; the type o f surface layer o f the 
specific land area, including vegetation, barren land, open water bodies and artificial surfaces that can be 
observed in the field and recorded by aerial or satellite remote sensing (FAQ, 2011).
Land Degradation The reduction in the eapacity o f the land to provide ecosystem goods and services 
and assure its functions over a period of time for its benefieiaries (FAQ, 2011).
Land Management The choice o f intensive or extensive practices.
Land Occupation The use o f a land area for a certain man-controlled purpose, such as agriculture, 
waste deposition and building (Lindeijer et al., 2002). Also known as land use.
Land Transformation The change of a land area according to the requirements o f a given type o f a 
subsequent oeeupation process, such as the conversion o f natural areas (e.g. forests and marshes) to 
eropland (Lindeijer et a l ,  2002). Also known as land-use ehange.
Land Use The total o f arrangements, activities and inputs undertaken in a certain land-cover type (a set 
of human actions). The social and economic purposes for which land is managed (e.g., grazing, timber 
extraction, and conservation). Land-use change occurs when, e.g., forest is converted to agricultural land 
or to urban areas (Verbruggen, 2007).
Land-Use Change Land-use change refers to a change in the use or management of land by humans, 
which may lead to a change in land cover. Land cover and land-use change may have an impact on the 
surface albedo, évapotranspiration, sources and sinks o f greenhouse gases, or other properties o f the 
climate system and may thus have a radiative forcing and/or other impacts on climate, locally or globally 
(Baede, 2007).
Land Use, Land-Use Change and Forestry A greenhouse gas inventory sector that covers emissions 
and removals o f greenhouse gases resulting from direet human-indueed land use, land-use change and 
forestry activities (UNFCCC, 2010).
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LCA See Life Cycle Assessment.
LCC Life Cyele Costing
LCI See life cycle inventory analysis.
LCI result See Life cyele inventory analysis result.
LCIA See Life cyele impact assessment.
LEAF Linking Environment and Farming
LEI Landbouw Economisch Instituut (in English: Agricultural Economic Research Institute)
LEITAP Landbouw Economisch Instituut Trade Analysis Project (LEI in English: Agricultural 
Economic Research Institute)
Life cycle Consecutive and interlinked stages o f a product system, from raw material acquisition or 
generation from natural resources to final disposal (ISO, 2006)
Life cycle assessment Compilation and evaluation o f the inputs, outputs and the potential 
environmental impacts o f a product system throughout its life cycle (ISO, 2006). An LCA involves a 
systematic analysis o f the environmental impacts o f products across their entire life cycle. This includes 
all environmental impacts arising during production, in the use phase and in the disposal o f the product, 
and all associated upstream and downstream proeesses (such as production o f the raw, auxiliary and 
ancillary materials). The method involves compiling an inventory o f all inputs along the produet life 
cycle (such as metals, as well as fossil and renewable energy carriers) as well as the outputs sueh as 
emissions o f substances hazardous to the environment or human health (Sehubert et ah, 2009).
Life cyele impact assessment Phase of life cyele assessment aimed at understanding and evaluating the 
magnitude and significance o f the potential environmental impacts for a product system throughout the 
life cycle o f the produet (ISO, 2006)
Life cycle interpretation Phase o f life cycle assessment in which the findings o f either the inventory 
analysis or the impact assessment, or both, are evaluated in relation to the defined goal and scope in order 
to reach conclusions and recommendations (ISO, 2006)
Life cycle inventory analysis Phase o f life cycle assessment involving the compilation and 
quantification o f inputs and outputs for a product throughout its life cycle (ISO, 2006)
Life cycle inventory analysis result Outcome o f a life cyele inventory analysis that catalogues the 
flows crossing the system boundary and provides the starting point for life eycle impact assessment 
(ISO, 2006)
Lifetime Lifetime is a general term used for various time scales characterising the rate o f processes 
affecting the concentration o f trace gases (Baede, 2007).
Lithosphere The upper layer of the solid Earth, both continental and oceanic, which comprises all 
crustal rocks and the cold, mainly elastic, part o f the uppermost mantle. Volcanic activity, although part 
of the lithosphere, is not considered as part o f the climate system, but acts as an external forcing factor 
(Baede, 2007).
LS Land Sink
LSF Life-Support Functions
LU See Land Use
LUC See Land-Use Change
LULUC Land Use and Land-Use Change
LULUCF See Land Use, Land-Use Change and Forestry (UN).
m Metre
m  ^ Square Metre
m  ^ Cubie Metre
MA Millennium Ecosystem Assessment
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Marginal land Marginal lands are (1) areas with little capacity for fulfilling a production or regulation 
function, and also (2) areas that have lost their produetion and regulation function, sometimes to a 
signifieant extent. Category 1 comprises areas whose productivity for agriculture or forestry is 
considered low. This category includes arid and semi-arid grasslands, desert fiinges and areas o f steep 
ground and structurally weak or erosion-prone soils, particularly in mountainous regions. Category 2 
includes formerly productive areas; they may have lost their yield potential as a result o f human-induced 
soil degradation (e.g. overused, degraded and therefore unproductive land, including both forests and 
pasture and arable land), or the land may have been deliberately taken out o f production (e.g. set-aside 
land in central Europe that has been taken out o f production for economic or political reasons). Marginal 
sites are generally highly susceptible to soil degradation (Schubert et a l ,  2009).
Land on the margin o f cultivation. Such land would become just worth farming if  output prices rose 
slightly, or would go out of cultivation if  prices fell slightly (Black, 2002).
Marginal technologies The technologies actually affected by the small ehanges in demand typically 
studied in prospective, comparative life cycle assessments. Using data on marginal technologies thus give 
the best reflection o f the actual consequences o f a decision (Weidema et a l ,  1999).
MDG Millennium Development Goals
MEA Millennium Ecosystem Assessment
Methane A hydroearbon that is a greenhouse gas produced through anaerobic (without oxygen) 
decomposition o f waste in landfills, animal digestion, decomposition o f animal wastes, produetion and 
distribution o f natural gas and oil, coal production, and incomplete fossil-fuel combustion. Methane is 
one o f the six greenhouse gases to be mitigated under the Kyoto Protocol (IPCC, 2001).
Metric A consistent measurement o f a characteristic o f an object or activity that is otherwise diffi eult 
to quantify (Baede, 2007).
Mg Magnesium
MgO Magnesium oxide
Mha Megahectare (10^ hectares)
Mitigation In the eontext o f climate change, a human intervention to reduce the sources or enhance the 
sinks o f greenhouse gases. Examples include using fossil fuels more efficiently for industrial processes 
or electricity generation, switching to solar energy or wind power, improving the insulation o f buildings, 
and expanding forests and other "sinks" to remove greater amounts o f earbon dioxide from the 
atmosphere (UNFCCC, 2010).
M J Mega Joule
Mn Manganese
Mo Molybdenum
Model A model is a quantitatively-based abstraction o f a real-world situation whieh may simplify or 
neglect certain features to better focus on its more important elements. Example: the relationship that 
emissions equal an emission factor times an aetivity level is a simple model. The term ‘model’ is also 
often used in the sense o f a computer software realisation o f a model abstraction (IPCC, 2006).
M 0O4 Molybdate
MST Movimento dos Trabalhadores Rurais Sem Terra (in English: Landless Workers’ Movement)
Mt Megatonne or million tonnes
Mtoe Million tonnes o f oil equivalent
MW  Mega Watt
N Nitrogen
N/A Not Applicable
N2 Nitrogen gas
N2O See Nitrous oxide.
NBP See Net Biome Production.
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NEA North Energy Assoeiations 
NECB Net Eeosystem Carbon Balanee
Neoclassical Economics The approach in economics o f analysing how individuals and firms 
should behave to maximize their own objective functions, assuming that activities are coordinated by the 
price mechanism, and that markets clear so that the economy is in equilibrium at all times.
NEP See Net Ecosystem Production.
Net Biome Production Net gain or loss o f carbon fi'om a region. NBP is equal to the Net Eeosystem 
Production minus the earbon lost due to a disturbance, e.g. a forest fire or a forest harvest (IPCC, 2001).
Net carbon dioxide emissions Difference between sources and sinks o f carbon dioxide in a given 
period and specific area or region (IPCC, 2001).
Net Ecosystem Production Net gain or loss o f carbon from an ecosystem. NEP is equal to the Net 
Primary Produetion minus the carbon lost through heterotrophic respiration (IPCC, 2001).
Net Primary Production The increase in plant biomass or carbon o f a unit o f a landscape. NPP is equal 
to the Gross Primary Production minus carbon lost through autotrophic respiration (IPCC, 2001).
NH3 Ammonia gas
NH4 Ammonium
Nitrous oxide A powerful greenhouse gas emitted through soil cultivation practices, especially the use 
of commercial and organic fertilizers, fossil-fuel combustion, nitric acid production, and biomass 
burning. One o f the six greenhouse gases to be curbed under the Kyoto Protocol (IPCC, 2001).
NO Nitric oxide
N2O See Nitrogen oxide.
NO3 Nitrate
NO% Nitrogen oxide
NPP See Net Primary Production.
O Oxygen atom
0 2 Oxygen molecule
03 Ozone
OCW Organic Centre Wales 
odt oven-dry tonnes
OECD Organisation for Economie Co-operation and Development 
OM Organic Matter
Opportunity costs The eost o f an économie aetivity forgone by the choice o f another activity (IPCC,
2007).
Optimal policy A policy is assumed to be “optimal” if  marginal abatement costs are equalized across 
countries, thereby minimizing total costs (IPCC, 2001).
Organic agriculture Production system that sustains the health o f soils, ecosystems and people. It 
relies on eeological processes, biodiversity and cycles adapted to local conditions, rather than the use o f  
inputs with adverse effects. Organic agriculture combines tradition, innovation and scienee to benefit the 
shared environment and promote fair relationships and a good quality o f life for all involved." (IFOAM,
2008). "Organic agriculture is a holistic production management system which promotes and enhances 
agro-ecosystem health, including biodiversity, biological cycles, and soil biological activity. It 
emphasizes the use o f management practiees in preference to the use o f off-farm inputs, taking into 
aecount that regional conditions require locally adapted systems. This is accomplished by using, where 
possible, agronomic, biological, and mechanical methods, as opposed to using synthetie materials, to 
fulfill any specific function within the system (FAO/WHO Codex Alimentarius Commission, 1999).
O SR  Oilseed Rape
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Output Product, material or energy flow that leaves a unit process (ISO, 2006) 
p Price 
P Phosphorus 
P Marginal Producer 
P2O5 Phosphorus pentoxide
Pareto criterion A eriterion testing whether an individual’s welfare can be increased without making 
others in the society worse off. A Pareto improvement occurs when an individual’s welfare is improved 
without making the welfare o f the rest o f society worse off (Verbruggen, 2007).
Pareto improvement The opportunity that one individual’s welfare can be improved without making 
the welfare o f the rest o f society worse off (IPCC, 2001).
Pareto-optimality A situation in which no feasible change can raise anybody's welfare without 
lowering that o f somebody else. This applies to reallocation o f final goods between different users, 
reallocation o f factors o f production to different industries, and changes in the composition o f final goods 
produced. Pareto-optimality is best understood through a series o f negatives. If at the existing allocation 
two consumers have positive consumption o f two goods and the consumers' indifferenee eurves between 
them differ in slope, an exchange between the two can make both better off, so the situation is not Pareto- 
optimal. If for two goods with positive output levels the indifferenee curve for any consumer and the 
transformation curve for any producer differ in slope, changing the eomposition o f the goods produced 
can make somebody better off without harming anybody else, so the situation is not Pareto-optimal 
(Black, 2002).
Pareto optimum is reached when no one’s welfare can be increased without making the welfare o f the 
rest o f society worse off, given a particular distribution o f income. Different income distributions lead to 
different Pareto optima (Verbruggen, 2007).
PAS Publicly Available Specification
PE Partial Equilibrium
Permafrost Ground (soil or rock and included ice and organic material) that remains at or below 0°C 
for at least two consecutive years (Baede, 2007).
Permanent grassland All grasses over 5 years old, ineluding permanent pasture and land used for 
grazing, excluding rough grazing (DEFRA et a l ,  2010).
pH Measure o f the acidity alkalinity o f a solution. pH is a dimensionless measure o f  the aeidity o f water 
(or any solution) given by its concentration o f hydrogen ions (HQ. pH is measured on a logarithmic scale 
where pH = -logio(HQ. Thus, a pH decrease o f 1 unit corresponds to a 10-fold increase in the 
coneentration o f H+, or acidity (Baede, 2007).
PhD Doetor o f Philosophy
Photosynthesis The proeess by which plants take carbon dioxide from the air (or bicarbonate in water) 
to build carbohydrates, releasing oxygen in the proeess. There are several pathways o f photosynthesis 
with different responses to atmospheric carbon dioxide concentrations. See C3 plants; C4 plants (Baede, 
2007).
Polar/boreal Regions where mean annual temperature is less than 0°C (IPCC, 2006).
POME Palm Oil Mill Effluent
Pool/carbon pool A reservoir. A component or components o f the climate system where a greenhouse 
gas or a precursor of a greenhouse gas is stored. Examples o f carbon pools are forest biomass, wood 
products, soils and the atmosphere. The units are mass (IPCC, 2006). See also Carbon sink.
Postnormal science Methodology that is appropriate for decision making when ‘facts are uneertain, 
values in dispute, stakes high and decisions urgent’ (Common and Stagl, 2005).
Precautionary principle View that when an activity raises threats o f harm to human health or the 
environment, precautionary measures should be taken even if  some eause-and-effeet relationships are not 
frilly established scientifieally (Common and Stagl, 2005).
ppbv parts per billion by volume
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ppmv parts per million by volume
Primary energy Energy embodied in natural resources (e.g., eoal, crude oil, sunlight, uranium) that has 
not undergone any anthropogenic conversion or transformation (IPCC, 2001).
Process Set o f interrelated or interacting activities that transforms inputs into outputs (ISO, 2006)
Process energy Energy input required for operating the process or equipment within a unit proeess, 
excluding energy inputs for production and delivery o f the energy itself (ISO, 2006)
Product Any goods or service (ISO, 2006)
Product flow Products entering from or leaving to another product system (ISO, 2006)
Product system Collection o f unit processes with elementary and produet flows, performing one or 
more defined functions, and which models the life cycle o f a product (ISO, 2006)
Protocol An international agreement linked to an existing convention, but as a separate and additional 
agreement which must be signed and ratified by the Parties to the convention concerned. Protocols 
typically strengthen a convention by adding new, more detailed commitments (UNFCCC, 2010).
PW Petawatt (10^ watts)
q Quantity
flm Quantity o f import
flMarExp Quantity Marginally Exported
flxUK Quantity exported from the UK
R Respiration and Fires
R Relaxation Rate
Radiative forcing Radiative forcing is the change in the net, downward minus upward, irradiance 
(expressed in W m"^ ) at the tropopause due to a change in an external driver o f climate change, such as, 
for example, a change in the concentration o f carbon dioxide or the output o f the Sun. Radiative forcing 
is computed with all tropospheric properties held fixed at their unperturbed values, and after allowing for 
stratospherie temperatures, if  perturbed, to readjust to radiative-dynamical equilibrium. Radiative forcing 
is called instantaneous if  no change in stratospheric temperature is accounted for (Baede, 2007).
Raw material Primary or seeondary material that is used to produce a product (ISO, 2006)
RCEP Royal Commission on Environmental Pollution
Rd Respiration o f Deeomposers
Rebound effect After implementation o f efficient technologies and practiees, part o f the savings is 
taken back for more intensive or other eonsumption, e.g., improvements in car-engine effieiency lower 
the cost per kilometre driven, encouraging more car trips or the purchase o f a more powerful vehicle 
(Verbruggen, 2007).
Reference flow Measure o f the outputs from processes in a given product system required to fulfil the 
function expressed by the functional unit (ISO, 2006)
Reference scenario See Baseline.
Reforestation Planting o f forests on lands that have previously contained forests but that have been 
converted to some other use (Baede, 2007).
Releases Emissions to air and discharges to water and soil (ISO, 2006)
Removals Removal o f greenhouse gases and/or their precursors from the atmosphere by a sink (IPCC,
2006).
Renewables Energy sources that are, within a short time frame relative to the Earth’s natural cycles, 
sustainable, and include non-earbon technologies sueh as solar energy, hydropower, and wind, as well as 
carbon-neutral technologies sueh as biomass (IPCC, 2001).
Reserves Refer to those oceurrenees that are identified and measured as economically and technically
recoverable with current technologies and prices. See also resources (IPCC, 2001).
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Reservoir A  component o f the climate system, other than the atmosphere, which has the capacity to 
store, accumulate or release a substance o f concern, for example, carbon, a greenhouse gas or a 
precursor. Oceans, soils and forests are examples o f  reservoirs of carbon. Pool is an equivalent term (note 
that the definition o f pool often includes the atmosphere). The absolute quantity o f the substance o f  
concern held within a reservoir at a specified time is called the stock (Baede, 2007). See also Carbon sink 
and Pool.
Resilience Amount o f change a system can undergo without changing state (IPCC, 2007).
Resource base Resource base includes both reserves and resources (IPCC, 2001).
Resources Resources are those occurrences with less certain geological and/or economic 
characteristics, but which are considered potentially recoverable with foreseeable technological and 
economic developments (IPCC, 2001).
Respiration The process whereby living organisms convert organic matter to carbon dioxide, releasing 
energy and consuming molecular oxygen (Baede, 2007).
RF See Radiative Forcing.
RFA Renewable Fuel Agency
Rh Respiration o f heterotrophs
ROW Rest o f the World
Rp See Respiration.
S Sulphur
Salinization The accumulation o f salts in soils (IPCC, 2007).
Scenario A plausible and often simplified description o f how the future may develop, based on a 
coherent and internally consistent set o f assumptions about key driving forces (e.g., rate o f technology 
change, prices) and relationships. Scenarios are neither predictions nor forecasts and sometimes may be 
based on a “narrative storyline.” Scenarios may be derived from projections, but are often based on 
additional information from other sources (Verbruggen, 2007).
SCOPE Scientific Commission on Problems o f the Environment (UNESCO)
SD Sustainable Development
SDF Sustainable Development Framework
SDGVM Sheffield Dynamic Global Vegetation Model
SEERAD Scottish Executive Environment and Rural Affairs Department
Sensitivity Sensitivity is the degree to which a system is affected, either adversely or beneficially, by 
climate-related stimuli. The effect may be direct, e.g., a change in crop yield in response to a change in 
the mean, range, or variability of temperature, or indirect, e.g. damages caused by an increase in the 
frequency of coastal flooding due to sea-level rise (IPCC, 2007).
Sensitivity analysis Systematic procedures for estimating the effects o f the choices made regarding 
methods and data on the outcome o f a study (ISO, 2006). Sensitivity analysis is the study o f how the 
uncertainty in the output o f a model (numerical or otherwise) can be apportioned to different sources of  
uncertainty in the model intput (Common and Stagl, 2005).
Sensitivity check Process o f verifying that the information obtained from a sensitivity analysis is 
relevant for reaching the conclusions and for giving recommendations (ISO, 2006)
Sequestration Carbon storage in terrestrial or marine reservoirs. Biological sequestration includes 
direct removal o f CO2 from the atmosphere through land-use change, afforestation, reforestation, carbon 
storage in landfills and practices that enhance soil carbon in agriculture (Verbruggen, 2007).
SETAC Society o f Environmental Toxicology and Chemistry
Set-aside Set-aside was introduced as a political measure by the European Union (EU) in 1988 to (i) 
help reduce the large and costly surpluses produced in Europe under the guaranteed price system o f the 
Common Agricultural Policy (CAP); and (ii) to deliver some environmental benefits following 
considerable damage to agricultural ecosystems and wildlife as a result o f the intensification o f
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agriculture. It has now been abolished. Set-aside became compulsory in 1992, primarily as a means to 
reduce the “grain mountain” as part of the Common Agricultural Policy. It was originally set at 15% and 
reduced to 10% in 1996. On 16 July 2007 the European Commission (EC) announced its intention to 
publish a proposal to reduce the set-aside requirement to 0% in 2008, and the proposal was adopted on 26 
September 2007. This was to help mitigate current shortages in the EU cereals market and increase 
cereals supply to the market and therefore reduce prices following two consecutive lower EU harvests. 
The EC agreed in November 2008 to abolish set-aside completely through the CAP Health Cheek. It was 
recognised that set-aside had delivered some important environmental benefits (Wikipedia, 2011).
Sink Any process, aetivity or mechanism that removes a greenhouse gas, an aerosol or a precursor o f a 
greenhouse gas or aerosol fi'om the atmosphere (Baede, 2007).
Short-rotation plantations (SRPs) Short-rotation plantation refers to the cultivation o f fast-growing 
tree species (e.g. poplar, willow) on agricultural land to produce biomass. SRPs originate in coppicing, a 
method whieh served in the past to produce firewood. The rotation period is the growth period until the 
trees are cut and depends on the use o f the wood. For pulpwood or for woodehip production, the trees are 
harvested after 3-5 years. The below-ground root mass remains in the soil, enabling growth o f coppice 
shoots the following year (Schubert et al., 2009).
Small-scale CHP units A small-scale CHP unit produces electricity and heat simultaneously. It is 
operated at the site o f heat eonsumption or feeds useful heat into a local heat network. It operates on the 
principle of cogeneration (Schubert et a l ,  2009).
SiuarExp Supply o f Marginal Exporter
SO4 Sulphate
SOC Soil Organic Carbon
SOM Soil Organic Matter
Source Any process, aetivity or mechanism that releases a greenhouse gas, an aerosol or a precursor of 
a greenhouse gas or aerosol into the atmosphere (Baede, 2007).
SRC Short Rotation Coppice
Strong sustainability All forms o f capital must be maintained intact independent o f one another. The 
implicit assumption is that different forms o f capital are mainly complementary; that is, all forms are 
generally necessary for any form to be o f value. Produced capital used in harvesting and processing 
timber, for example, is o f no value in the absence o f stocks o f timber to harvest. Only by maintaining 
both natural and produced capital stocks intact can non-declining income be assured (United Nations et 
a l,  2005).
SuK Supply o f the UK
Sustainable development Development that meets the cultural, social, political and economic needs o f  
the present generation without compromising the ability o f future generations to meet their own needs 
(IPCC, 2007). See also Weak sustainability and Strong sustainability.
System A set o f components that interact with each other (Common and Stagl, 2005). A model o f a 
whole entity; when applied to human activity, the model is characterised fundamentally in terms o f  
hierarchical structure, emergent properties, communication and control (Checkland, 1999). See also 
Emergent properties.
System boundary Set o f criteria specifying which unit processes are part of a product system (ISO,
2006)
Systems approach An approach to a problem whieh takes a broad view, which tries to take all aspects 
into account, which concentrates on interactions between the different parts o f the problem (Checkland, 
1999).
Systems thinking An epistemology which, when applied to human activity, is based upon the basic 
ideas o f the system approach and model. See also System and System approach (Checkland, 1999).
t Tonne (10%)
t C Tonnes o f Carbon
tfln The moment when the studied land use finishes
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Tg Teragrams (10*%)
tini The moment when the studied land use starts
Transparency Open, comprehensive and understandable presentation o f information (ISO, 2006) 
toe tonnes o f oil equivalent
treiax The moment when the carbon stock has reverted to the level prior to land use 
treiax,pot The time when the system reaches its potential level
Tundra A treeless, level, or gently undulating plain characteristie o f aretic and subarctie regions (IPCC,
2007)
TW Terawatt (10^ watts)
UK United Kingdom 
UN United Nations
UNCCD United Nations Convention to Combat Desertification
Uncertainty Lack o f knowledge o f the true value o f a variable that ean be described as a probability 
density function characterizing the range and likelihood o f possible values. Uneertainty depends on the 
analyst’s state of knowledge, which in turn depends on the quality and quantity o f applicable data as well 
as knowledge o f underlying processes and inferenee methods (IPCC, 2006).
Uncertainty analysis Systematic procedure to quantify the uncertainty introduced in the results o f a life 
cycle inventory analysis due to the cumulative effects o f model imprecision, input uncertainty and data 
variability (ISO, 2006)
UNDP United Nations Development Programme 
UNEP United Nations Environment Programme
UNESCO United Nations Educational, Scientific and Cultural Organisation 
UNFCCC See United Nations Framework Convention on Climate Change.
Unit process Smallest element considered in the life cyele inventory analysis for which input and 
output data are quantified (ISO, 2006)
United Nations Framework Convention on Climate Change The Convention was adopted on 9 May 
1992 in New York and signed at the 1992 Earth Summit in Rio de Janeiro by more than 150 countries 
and the European Community. Its ultimate objective is the ‘stabilisation o f greenhouse gas 
concentrations in the atmosphere at a level that would prevent dangerous anthropogenic interference with 
the climate system’. It contains commitments for all Parties. Under the Convention, Parties included in 
Annex I (all OECD eountries and countries with economies in transition) aim to return greenhouse gas 
emissions not controlled by the Montreal Protocol to 1990 levels by the year 2000. The convention 
entered in force in March 1994. See Kyoto Protocol (Baede, 2007).
US United States
Value added The net output o f a sector after adding up all outputs and subtracting intermediate inputs 
(Verbruggen, 2007).
Values Worth, desirability, or utility based on individual preferenees. The total value o f any resource is 
the sum of the values of the different individuals involved in the use o f the resource. The values, which 
are the foundation o f the estimation o f eosts, are measured in terms o f the willingness to pay (WTP) by 
individuals to receive the resource or by the willingness o f individuals to accept payment (WTA) to part 
with the resource (Verbruggen, 2007).
VCA Value Chain Analysis
Vegetable oil Vegetable oils are produced by pressing the oil fhiit or seeds o f oleiferous plants. 
Biodiesel can be produced from vegetable oil by means o f estérification. Unrefined vegetable oil can also 
be used direetly as a biofuel in engines modified for that purpose. In Germany, vegetable oil is produced 
mainly from rape. Important tropieal oleiferous plants include oil and coconut palms, as well as Jatropha 
and soya (Sehubert et al., 2009).
W  Watt
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Waste Substances or objects which the holder intends or is required to dispose o f (ISO, 2006)
WBCSD World Business Council for Sustainable Development 
WBGU German Advisory Couneil on Global Change 
WCED World Commission o f Environment and Development
Weak Sustainability All forms o f capital are more or less substitutes for one another; no regard has to 
be given to the eomposition o f the stock o f capital. Weak sustainability allows for the depletion or 
degradation o f natural resources, so long as such depletion is offset by increases in the stocks o f  other 
forms o f capital, for example, by investing royalties from depleting mineral reserves in factories (United 
Nations e? a/., 2005).
WES World Food Summit
WHO World Health Organisation
WRI World Resources Institute
WtF Waste to Fuel
yr Year
Zc Zinc
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ANNEX E; THESIS’ SKELETON ARGUMENT 
Chapter I - Introduction
1. Concerns over global climate change, biodiversity loss and degradation of ecosystem 
services have led to interest in using land in ways that mitigate these threats, particularly 
by growing various forms of energy crops to displace fossil fuels.
2. In view of the competing demands on land to feed people adequately, mitigate climate 
change and sustain biodiversity and ecosystem services, there is a clear need for a 
systematic basis for allocating land to the competing uses with respect to economic and 
environmental objectives.
3. The purpose of this study is to formulate an integrated environmental and economic 
sustainability assessment for comparing different land use strategies in the UK for food, 
feed, fuel, timber and carbon sink.
4. While the first four functions of land are easily defined, the latter may require fiirther 
explanation. With the purpose of mitigating climate change, carbon biosequestration or 
biological carbon capture and storage (as opposed to geological, or fossil, carbon capture 
and storage), refers to a form of geo-engineering that consists in the biological removal 
(through photosynthesis) and storage of carbon from the atmosphere by trees. This land 
use decreases atmospheric concentration of CO2 while increasing the carbon stock in the 
biosphere and, thereby, acts as a carbon sink.
5. The comparison is carried out by analysing the systems within a wide boundary, so that it 
includes consequences in other parts of the world. The focus is the cultivation of crops for 
different uses and the subsequent displacement they cause. This requires methodological 
developments for the estimation of substitution effects, i.e. the consequential changes 
happening as a result of each land use strategy (e.g. product displacement and indirect land 
use changes).
6 . Life Cycle Assessment (LCA) is used for the environmental assessment. This requires the 
development of LCA methodologies and characterisation factors for assessing land use 
impacts on global climate change (due to temporary carbon storage), ecosystem services 
and biodiversity.
7. A parallel economic assessment is integrated with LCA, also using a life cycle 
perspective.
8 . The application of the above methods allows for the achievement of the following 
objectives:
a. to characterise, compare and contrast the global environmental and economic 
consequences of alternative land use strategies in the UK; and
b. to identify the land use strategies in the UK that, on a global level, contribute the most 
to mitigating both climate change and impacts on the provision of ecosystem services 
and on biodiversity, while increasing global economic value.
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Chapter II -  Sustainability of land use: a systems approach
9. This chapter follows-up on the concern identified in Chapter I regarding the prospects for 
increasing the supply of the various ecosystem services derived from land in limited 
availability.
10. By using a systems approach to the analysis of the environmental sustainability of land 
use and land use change, this chapter presents a background overview of the past and 
present links between land use, society and environment (including in the UK).
11. Land use has changed dramatically throughout time in order to support the changing 
needs of an increasing human population. This has mainly consisted in the conversion of 
forests to cropland and grassland during the first agricultural revolution. The industrial 
revolution, coupled with the green revolution, allowed for unprecedented increases in 
yield, as advances in technology (e.g. synthetic fertilisation, machinery and breeding) 
resulted in impressive increases in yield. However, these improvements have not 
eradicated hunger in the world and, despite some local and sporadic improvements, food 
insecurity (in both absolute and relative terms) is increasing. The history of land use is 
background but not central to the argument and so can be found in the Appendix.
12. Land cover and land use changes are among the most significant impacts of human 
society on the environment, particularly on climate, ecosystems and biodiversity.
13. Focus is given to the carbon budget, particularly the fluxes between the biosphere and 
the atmosphere (i.e. land use change and land sink) which are disrupted by anthropogenic 
land use. The historical net effect on the carbon balance is substantial. The close link 
between the carbon and energy cycles highlights the impact on other species caused by 
disruptions to these cycles.
14. The second part of the chapter identifies a multitude of system tools and frameworks, 
including the life cycle approach, for assessing sustainability.
15. The multitude of conceptual frameworks and models that exist for assessing 
sustainability overlap and, hence, may possibly result in confusion and redundancy. The 
final section of this chapter integrates the concepts and terms used in these frameworks 
with those commonly used in LCA. As a result, a harmonised framework that bridges 
Life Cycle Impact Assessment (LCIA) with more widely accepted concepts and terms 
used in Ecology and Economics is proposed, allowing the convergence of different 
disciplinary frameworks.
16. In the proposed framework, a parallel life cycle economic assessment is merged with the 
environmental LCA, thereby enabling an integrated economic-environment assessment 
that is internally consistent.
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Chapter III -  Consequential life cycle framework and methodology for the integrated 
economic and environmental sustainability impact assessment of land use systems
17. The décision-support analysis of land allocation to competing purposes is a complex 
endeavour due to the multitude of objectives aimed at. Consequently, proper 
prioritisation requires systematic comparison of alternatives. This complexity is further 
enhanced by the multifunctionality of certain land uses.
18. Ways for using of a life cycle approach to inform a systematic comparison of alternative 
land uses are explored.
19. In a holistic framework, only a consequential life cycle approach is adequate, considering 
both upstream and downstream consequences, so that shifting of burdens between 
different components of the system (regardless of their geographical location) does not 
go unnoticed.
20. A range of methodological issues relevant to assessing the consequential life cycle 
environmental and economic impacts of land use strategies are identified and examined. 
In particular, this chapter gives a thorough analysis of four crucial methodological issues 
that, despite the recent methodological developments in this area, remain largely 
unresolved:
a. estimation of land use impacts on ecosystems
These consist on the impacts from both land transformation and occupation on 
ecosystem services and biodiversity.
b. estimation of land use impacts on climate
These consist on the impacts fi'om both land transformation and occupation on the 
ecosystem’s carbon stock.
c. estimation of indirect land use change (iLUC)
The use of wide system boundaries that capture indirect land use changes have been 
ignored in most LCA studies due to the popular adoption of attributional goals and 
scopes. This is a decisive consideration in the calculation of the carbon footprint of 
biofuels.
d. decision support under multiple and conflicting objectives
LCA has fallen short of supporting decision making, due to the ambiguity given by a 
wide range of environmental considerations.
21. A review of existing methods for assessing land use impacts on ecosystems is conducted 
and their suitability and operability assessed. Indicators associated with biomass, carbon 
balance, soil erosion, salinisation, energy, soil microbial biota and soil organic matter 
(SOM) are evaluated. The reason explaining the exclusion of the above issues from 
LCAs is partly due to the lack of robust life cycle impact assessment methods and data 
quality.
22. The above methodological issues are addressed and a model with which land use 
decisions may be assessed is proposed. The model relies on the development of the 
following operational approaches:
a. characterisation factors for land use impacts on ecosystem services and biodiversity;
b. characterisation factors for land use impacts on climate;
c. new methods for the consequential assessment of land use decisions; and
d. the identification of the best strategies under a Pareto analysis fi-amework.
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23. The quantitative methodological developments that are proposed for the assessment of 
land use impacts on climate change and on the provision of ecosystem services and 
biodiversity are based on the changes in carbon stocks of land use systems. Here, impacts 
can be counted in LCA using the concepts of Ecosystem Carbon Stock (ECS) and its 
Human Appropriation (ELAPECS). ECS represents the changes in the carbon balance in 
the area of the ecosystem under assessment due to human activity. It is expressed as 
tonnes C-year present or absent in the ecosystem (vegetation and soil) due to the land use 
studied, and is selected as a promising stand-alone indicator because of its close 
association with most soil functions and biodiversity.
24. Existing databases on terrestrial carbon stocks and land use enable this method to be 
applied robustly.
25. As the HAPECS indicator was considered the most appropriate, characterisation factors 
are developed.
26. Different approaches for accounting for temporary carbon storage (or lack thereof) of 
carbon in land over a period of time are reviewed and the scope for their application in 
LCA explored. The results are very sensitive to the method chosen. The sensitivity of the 
results to the time period adopted is highly significant and therefore, a standard period, 
such as 100 years (GWPlOO) is recommended. Both methods are transferable to both 
GWP20 and GWP500. It is proposed the use of an updated equivalence factor based on 
the Moura-Costa method. Characterisation factors are developed.
27. A consequential analysis is proposed for the estimation of iLUC, which is based on the 
substitution effects that arise from the outputs of the land use strategies under study. As 
opposed to economic equilibrium models used for the same purpose, it takes a pure 
biophysical (rather than economic) displacement perspective.
28. It is proposed the identification of the best strategies under a Pareto analysis fi*amework, 
whereby only the strategies that represent an improvement from the baseline in all three 
criteria (climate, biodiversity and ecosystem services, and economic value) are 
considered further.
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Chapter IV -  Integrated assessment of land use strategies in the UK
29. The purpose of this chapter is to apply the integrated environmental and economic 
framework, methods and characterisation factors that were developed in Chapter III in 
the assessment and comparison of a wide range of possible land use strategies in the UK 
- for food, feed, fuel, forestry and carbon sink - in terms of their impacts on climate 
change, ecosystem services and biodiversity, but also in terms of the value they generate, 
and to the identification of the best strategies in a Pareto optimal sense. Two-hundred 
and twenty four scenarios under three sets of strategies were devised.
30. The approach to consequential land use change is applied to the scenarios by identifying 
the substitution effects from the different strategies. These include marginal suppliers, 
marginal land, marginal products, marginal feedstocks, changes in supply and associated 
land area requirements.
31. Strategies for Current Cropland (A, B, C)
a. Land-use strategy A: Diversion
Despite some relative improvements, diverting food or crop residues (straw or 
forestry residues) to feed or fuel does not deliver improvements in all three criteria 
simultaneously, with the exception of the case of wheat diversion from food to feed 
purposes. This is the only scenario in this strategy set that represents a Pareto 
improvement, whereby impacts on climate change and on ecosystem services and 
biodiversity decrease while total economic value increases.
b. Land-use strategy B: Extensification
Extensification for either food, feed or fuel always saves GHGs, with the exception of 
sugar beet for fuel. However, only organic wheat for food and feed and organic barley 
for feed satisfy all three criteria of mitigating GHG emissions and ecosystem services 
and biodiversity impacts while creating extra economic value.
c. Land-use strategy C: Intensification
Intensification for either food, feed or fuel always saves GHGs, with the exception of 
oilseed rape for fuel. However, only intensive wheat and barley for feed satisfy all 
three criteria.
32. Strategies for Land Expansion onto Set-Aside (D, E, F) and permanent grassland 
(strategies G, H, I)
a. Only intensive strategies present improvements in all three categories. Out of the 
arable crops, only intensive sugar beet production for ethanol results in Pareto 
improvements. Similarly, only intensive Miscanthus and Willow SRC for CHP proves 
beneficial in those three spheres. Forestry crops perform well, particularly Douglas Fir 
whose different strategies for fuel or carbon sink are Pareto optima.
b. With only one exception, expansion of arable cropping is undesirable and, out of the 
perennial crops, Miscanthus, Willow SRC, Ash, Sycamore & Silver Birch and 
Douglas Fir are the only Pareto optima strategies.
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Chapter V -  Discussion and Conclusions
33. This study shows that an integrated and holistic sustainability assessment is both possible 
and relevant, and may be a suitable alternative to economic models and attributional 
LCAs.
34. Out of 228 scenarios, only 14 were identified as being sustainable land-use strategies. Of 
those, only one strategy for biofuels was Pareto: intensive sugar beet production on set- 
aside land. This points out that the most popular land-strategy for climate-change 
mitigation (i.e. biofuels) is not the most efficient, even if climate change is the sole 
concern. It also points out that, more often than not, changes in the background system 
negate any benefits that changes in the foreground system may have.
35. Instead, energy crops for electricity displace more GHGs than biofuels and contribute 
more to support ecosystem services and biodiversity. Not surprisingly, forestry crops for 
carbon sinks are better for both climate change and ecosystem services and biodiversity, 
but generate less economic value.
36. Not all crops, regardless of the strategy employed, present opportunities for becoming 
more sustainable.
37. The best option for improving sustainability on existing arable land is limited to 
converting food wheat to organic management and using it for feed.
38. Expansion onto set-aside is where most Pareto optima strategies lies. Here, intensive fuel 
production dominates, regardless of the crop used. Other than these strategies, only 
European Larch for timber and Douglas Fir for carbon sink pass all criteria for their 
attractive scores against ecosystem services and biodiversity and climate criteria, 
although the value generated by these two strategies is relatively insignificant.
39. At the extremes, carbon sinks by Douglas Fir represent the best environmental use of 
land in terms of climate change mitigation and ecosystem services and biodiversity 
preservation while creating modest economic value, whereas ethanol from intensive 
sugar beet production generates the highest global net value while mitigating climate 
change a little.
40. Given the breadth of the consequential assessment, a large degree of uncertainty is 
involved. The following modelling choices inevitably result in some form of uncertainty 
in the different phases of the LCA: functional unit, system boundaries, scenarios, 
consumption and production functions, equivalence between the different vegetable oils, 
choice of marginal producers, choice of marginal feedstocks, marginal yields, impact 
assessment methods, changes in ecosystem carbon stock, choice of function and time in 
which land transformation impacts are allocated, time over which impacts are integrated, 
etc.
41. Given the multitude of objectives related to land-use policy (e.g. decreased climate and 
ecosystem services and biodiversity impacts, fuel security and redistribution of income to 
farmers), it is relevant that an integrated environmental and economic assessment is 
performed to identify the most sustainable land use strategies. This has been done in an 
approach where the different criteria (environmental and economic) are not weighted and
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traded as is common in neoclassical approaches, such as Cost Benefit Analyses. 
Nonetheless, an approach that quantifies, for example, externalities (such as carbon 
emissions) or ecosystem services, could follow this approach in an economic 
optimisation model, despite the methodological constraints and the ethical limitations 
that this approach would represent.
42. It is exactly market failure in the allocation of agricultural resources and the resulting 
impact on sustainability that justifies regulation in agriculture and therefore policy 
support. This is the rationale for government intervention in agriculture, particularly its 
support to sustainable land systems or its taxation to farming systems that reduce 
sustainability (through, e.g., pollution).
43. However, the current support for biofuel production is misguided by unclear objectives. 
While it may make sense in meeting the objectives of security of both fuel supply and 
farmers income, this research study indicates that for the mitigation of both climate 
change and ecosystem services and biodiversity loss, biofuel strategies are highly 
inefficient and, therefore, largely redundant.
44. This research links very clearly with multi-objective linear programming and 
optimisation and with multiple criteria decision analysis, at large. It would be very 
interesting to link this life cycle, bio-economic, economy-wide and dynamic model with 
a multi-objective optimisation model whereby all the relevant targets and variables are 
captured. An example of this could include the optimisation of land use (and other 
agricultural resources) in the UK or Europe, with regards to environmental, economic 
and social objectives. It could include several environmental constraints, as well as 
targets that can be explored in combination or separately through scenarios.
45. Additional research needs include, particularly, the validation and calibration of 
characterisation models used in Life Cycle Impact Assessment for land use impacts on 
climate and on ecosystem services and biodiversity.
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Abstract
Goal, Scope and Background. On June 12-13 June 2006 in 
Guildford (UK) an international workshop was held to address 
indicators to incorporate land use impacts in LCA. It provided 
an interdisciplinary forum where soil scientists and biologists 
met with LCA experts and users to discuss the challenges of 
including land use impacts in LCA and potential approaches to 
addressing these challenges. The discussion used as starting point 
the definitions framed in the past work on land use impacts 
within the UNEP/SETAC Life Cycle Initiative (Milà i Canals et 
al. 2006). However, the presence of soil quality and biodiversity 
experts allowed for a more in-depth consideration of the nature 
of land use impacts.
Main Features. The discussions were focused on three main 
themes: general methodological issues to be addressed in includ­
ing land use impacts in LCA; recommendations for soil quality 
indicators; and recommendations for biodiversity indicators.
Results and Discussion. There is a conflict between the levels of 
detail at which LCA should assess land use impacts: a coarse 
assessment may allow the detection of hotspots from a life cycle 
perspective, whereas a more detailed assessment might allow 
the distinction between land management modes (e.g. organic 
vs. conventional agriculture). Different land use processes need 
to be modelled in consequential and attributional LCA. Land 
use effects on biodiversity and soil quality are non-linear and 
also depend on the scale of land use, which is difficult to ad­
dress in LCA. Soil is multi-functional and many threats affect 
its quality, which results in a case-specific selection of the most 
adequate indicator. In the case of biodiversity, two main op­
tions for defining indicators were identified at species and eco­
system levels. The main advantage of the former is data avail­
ability, but the election of a particular taxon may be arbitrary. 
Ecosystem level indicators include a higher degree of subjectiv­
ity but may be more relevant than species level ones.
Conclusions. Land use impacts need to be considered in LCA 
for all life cycle stages in all types of products. An urgent need 
for LCA is to incorporate land use impacts particularly in com­
parisons of systems which differ substantially in terms of land 
use impacts. The main differences between consequential and 
attributional LCA are the need for the consideration of off-site
effects and marginal vs. average land uses in consequential LCA. 
In order to define the marginal effects of land use a similar ap­
proach to the description of the electricity grid and its marginal 
technology may be followed. 'Dose-response' functions need to 
be defined for land use interventions and their effects. The main 
soil degradation processes (considering soil’s vulnerability to 
different threats) should be captured in a spatial-dependent way 
in LCA. Criteria and examples to select biodiversity indicators 
at species and ecosystem levels were proposed in the workshop.
Recommendations and Perspectives. The conduction of LCA 
case studies for relevant systems (especially fossil energy com­
pared to bio-energy systems involving different eco-regions to 
account for potential international trade) may provide a good 
platform to further develop the workshop suggestions.
Keywords: Biodiversity; impact assessment; land use; land use 
impacts; LCA; soil quality; workshop
Introduction
Accounting for land use in LCA is inherently problematic. 
Land represents a scarce resource, yet it is not simply con­
sumed like mineral or fossil energy reserves, in the sense 
that it is not extracted and dissipated. However, its func­
tioning, both economic and non-economic, depends on how  
it is managed. Concern for the importance of land in pre­
serving biodiversity means that the instrumental approach 
to resource use which is the normal LCA perspective is not 
sufficient in this context: humans are not the sole users of 
land and therefore the effects of human land use on other 
species should be included in any assessment. Biodiversity 
and soil quality are two measures, amongst others, which 
may enable land use to be treated systematically in LCA.
The two-day expert workshop on Definition of Best Indica­
tors for Biodiversity and Soil Quality for Life Cycle Assess­
ment (LCA), organised by the Centre for Environmental 
Strategy (University of Surrey, UK) on 12 and 13 June 2006, 
brought together LCA practitioners with biodiversity and 
soil scientists. The main goal of the workshop was to iden­
tify any relevant impact pathways that are not represented 
by biodiversity and soil quality (which is interpreted to in-
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dude both biotic production potential and ecological soil 
quality), and to investigate operational ways to implement 
indicators for these impact pathways. The general frame­
work for land use impact assessment that served as a start­
ing point for the workshop discussions is published in Milà 
i Canals et al. (2006). On the first day, plenary presenta­
tions were given to provide a basis for discussion on the 
main topics of the workshop; on the second day the partici­
pants were divided into sub-groups for focussed discussions 
on specific topics. The presentations and the minutes of the 
discussions held at the workshop can be found on the work­
shop website (http://www.soc.surrey.ac.uk/ias/workshops/ 
DEFNBEST/report.php ) : these presentations are referred to 
in the present paper with the surname of the author only, 
and do not appear in the reference list. This paper summarises 
the main discussion points and conclusions from the work­
shop, divided into the following main themes:
1. General methodological issues to be addressed in includ­
ing land use impacts in LCA
2. Recommendations for soil quality indicators
3. Recommendations for biodiversity indicators
Section 4 provides conclusions and some suggestions of re­
search needs.
1 General Methodological Issues to be Addressed in 
Including Land Use Impacts in LCA
It was stressed that all relevant environmental effects caused 
by a product system need to be included in a LCA, and there­
fore one should always include land use effects such as im­
pacts on biodiversity and soil quality. However, there is still 
no consensus on the most appropriate methodologies for 
doing this. Some specific methodological concerns discussed 
during the workshop are as follows.
1.1 Appropriateness of using LCA to consider the impacts 
of land use
In general, different communities of LCA practitioners ex­
pect different things from the consideration of land use im­
pacts, which demands clarification of the type of decisions 
that require information on the impacts of land use and the 
identification of those that need to be supported by LCA. In 
general, LCA seems appropriate to bring a life cycle per­
spective to support complex decisions where the scope of 
other tools (e.g. Environmental Impact Assessment, Envi­
ronmental Risk Assessment) is too limited or inappropriate. 
However, LCA may not be adequate to aid in concrete land 
management decisions where other tools may be more ap­
propriate. Two different perspectives on this issue were iden­
tified in the workshop:
-  Eirst, one can treat land use impacts as additional fig­
ures in the current list of categories used in the LCIA 
profiles; this is the perspective of most LCA practitio­
ners, who focus on products and their assessment and 
need to know how to relate the impacts on land quality 
to the functional unit of the system under consideration, 
e.g. impacts per m  ^of wooden floor, or per kg of bread.
-  Alternatively, one can try to use LCA to help in land 
management decisions in sectors which make extensive 
use of land; this is the perspective of some LCA practi­
tioners and many scientists outside the LCA community 
who are developing land quality indicators, and need to 
focus on the effects of land use and management prac­
tices on land quality.
In the first case, one needs to derive impact scores on soil 
quality and biodiversity for processes using land in any part 
of the life cycle of a product. Land use processes should be 
defined as basic inventory elementary flows in terms of land 
transformation (m )^ and land occupation (mfyear), includ­
ing the type of land used and the intensity of use along with 
the relevant bio-geographical information. The impact assess­
ment stage should define characterisation factors linking the 
elementary flows to the relevant impact indicators. In the sec­
ond perspective, one needs to address all the elementary flows 
and impact categories for a full LCIA profile of the land use 
activity. It is not clear whether LCA is a good tool for land 
management considering the existing set of tailored tools 
and methodologies (such as Environmental Impact Assess­
ment), and the participants could not reach agreement on 
the level of analysis that LCA should focus on.
Some participants felt that the level of detail at which LCA 
can provide meaningful results is the comparison of systems 
which differ quite substantially e.g. crop/forest systems, or 
bio-based/fossil-based products. This is a burning issue be­
cause no other tools will compare these systems from a life 
cycle perspective, whereas the comparison may be crucial 
e.g. in the field of bio-energy. It was suggested that other 
tools are probably more appropriate for higher levels of de­
tail such as crop vs. crop, or comparison of land manage­
ment systems such as organic vs. conventional farming. One 
of the reasons adduced for this is that comparing land man­
agement systems requires a level of detail that could only be 
obtained in the foreground system (e.g. agricultural stage), 
but would not be applicable for the hundreds of additional 
processes to be modelled in the background system. H ow­
ever, some other participants expressed concern that LCA 
would be much less useful if it could not address the distinc­
tion between management modes (e.g. organic vs. conven­
tional crops). The situation is further complicated by the 
observation that the same land use type (e.g. agricultural 
land) can generate differences of orders of magnitude on 
land quality measures, and LCA should be able to capture 
at least these big changes (see e.g. Cederberg).
1.2 Reference land use
The direction taken within the LCA community for the defi­
nition of a reference situation against which one can mea­
sure land use impacts ('dynamic reference situation' as de­
fined by Milà i Canals et al. 2006) goes very much in line 
with what is being suggested by the Impact Assessment (lA) 
community: using a historic (or climax) baseline is mean­
ingless, and a more meaningful approach is to use 'what 
will actually happen in the absence of the proposed activi­
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ties'. Another possibility currently being discussed is using a 
value-based perspective as a baseline, i.e.: trying to find the 
land quality desired by people.
1.3 Temporal system boundaries for the assessment of land 
use impacts
Two main issues related to the setting of the temporal sys­
tem boundaries were discussed during the workshop:
-  Allocation of the initial transformation impacts
-  Assumption of natural relaxation (spontaneous and 
gradual rebound of land quality due to the forces of na­
ture once land is abandoned; Milà i Canals et al. 2006)
First, the framework does not clarify how to allocate the 
impacts from a land transformation when this is followed 
by many successive land uses benefiting from the initial trans­
formation (e.g. an originally forested area cleared 400 years 
ago and then cropped for 400 years; see Fig. 1 in Milà i 
Canals et al. 2006). In general, if the initial transformation 
ivas intended specifically for the current land use, part of 
:he initial impacts should be allocated to the current land 
ase. However, if the current land use has continued for a 
ring time (e.g. 400 years of cropping), the amount of initial 
impact allocated to a unit of functional output will be mini- 
nal and could be neglected. In each case, thus, the practitio- 
ler should provide evidence on whether initial transforma- 
;ion can be neglected compared to the impacts derived from 
and occupation. It is important to note that the problem of 
illocating the impacts of 'preparative' processes to the sub­
sequent 'productive' processes is not a specific problem of 
and use impacts. In fact, most processes to produce func- 
ional units are based on buildings, machinery and other 
nfrastructural elements that have been prepared before the 
beginning of the 'useful life' of these investments. These 
mpacts from 'capital goods' are often excluded from LCA 
studies because they are negligible when allocated over a 
:ertain amount of functional output. However, they often 
teed to be included because of their relevance (e.g. water 
lam for electricity production; agricultural machinery; etc.); 
his is likely to be the case in initial land transformations.
The perspective on past transformations is different for con­
sequential LCA, though. As discussed by Kloverpris, if the 
^CA is used to describe the consequences of a change (or 
sontinuation) in land use (consequential LCA), then the ini- 
ial transformation 200 years ago is of no consequence. What 
eally matters are the potential transformations occurring 
slsewhere in the world due to the studied system, i.e. in a 
vorld with increasing population and increasing pressure 
)n land, a change in land use in one area (e.g. from food 
rop to bio-energy crop in Europe) will lead to an increased 
)ressure and possibly transformation of currently ‘natural’ 
ireas into new human land uses in other areas (e.g. in the 
leveloping world) due to the need to continue to produce 
he products of the initial land use (i.e. food crops). In this 
ase, identifying the location and affected land types is a 
:ey part of the LCA. If pressure on land was declining, then 
iny new marginal increase in land use would simply post­
pone the re-naturalisation of currently used land: in this case, 
only occupation impacts are relevant. An important point is 
that the identification of the affected areas is actually an 
issue for the inventory (LCI) stage, but has a crucial effect 
on the LCIA.
It was also suggested that it would be difficult to obtain 
data on natural relaxation for many of the processes involved 
in a LCA. The assumption on natural relaxation is central 
in the framework for land use impact assessment (Milà i 
Canals et al. 2006), and it was suggested to derive relax­
ation times for known regions (e.g. Europe) and then dis­
cuss whether these will change widely in other regions of 
the globe as a possible way forward (Müller-Wenk).
Additional to this point, it is sometimes clear that, following 
a particular land use, human-induced restoration activities will 
take place (e.g. in mining sector). In these situations the envi­
ronmental costs of these activities need to be included in the 
overall environmental profile, as well as the (positive) effects 
of human-induced restoration on land quality (i.e. reduced 
relaxation time and therefore reduced land use impacts).
1.4 Nature of land quality indicators and suitability for LCA
Category indicators need to be defined for the impact cat­
egories related to land use, namely 'biodiversity' (already 
existing as an endpoint), 'biotic production potential' and 
'ecological soil quality', and equivalency factors for land 
use elementary flows need to be developed for these impact 
categories.
LCA methods for impact assessment have traditionally as­
sumed that there is a linear relationship between interven­
tion and impact. However, effects on biodiversity and soil 
quality are generally non-linear, and also the scale of impact 
is important. One approach to this problem is to disregard 
this issue and use a (simplified) linear characterisation fac­
tor relating the m  ^ or mfyear used to the impacts on 
biodiversity and soil quality. Alternatively, efforts should be 
put into defining 'dose-response' functions for land use in­
terventions, in a similar way to other impact categories (e.g. 
acidification).
As for the characteristics of these indicators, they need first 
of all to have a predictive capacity. Additionally, it needs to 
be clarified which types of indicators (e.g. pressure or state) 
work better in LCA, and be aware that different scientific 
communities (e.g. biodiversity scientists and soil scientists) 
currently work towards indicators which are different in 
nature: while soil indicators seem to be essentially measures 
of the resource state, biodiversity indicators look at the pres­
sure on the resource, and anticipate the probability of dis­
continuous change rather than measuring incremental 
change. This should be an issue of concern for the interpre­
tation stage of the LCA. Relative values, rather than abso­
lute, are required as LCA indicators (e.g. 'loss of 5% of spe­
cies', not 'loss of 15 species').
In general, indicators should be selected because they ex­
press the endpoint that we want to protect (soil quality.
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biodiversity) AND because they are sensitive only to the 
management practices we want to assess. Some changes oc­
cur naturally e.g. occurrence of some species changes sea­
sonally or due to other factors independent of the studied 
management system; nutrient status of soil changes swiftly 
due to many factors apart from management; hence indica­
tors need to have a slow natural rate of change in order to 
highlight the effects from management systems.
1.5 Considerations for consequential vs. attributionai LCA 
methodology
In contrast with attributionai LCA, where only those sites/ 
situations/impacts that are part of the product life cycle 
should be assessed, consequential LCA should also study 
the land use changes in other sites caused by the studied 
system (see e.g. Kloverpris; Lesage). It was felt that 'mar­
ginal land uses' rather than 'average land use' should prob­
ably be the focus of attention in consequential LCA. The 
methodological difference to incorporate these effects is in 
system modelling, and therefore this distinction affects the 
inventory stage more than the impact assessment stage. It 
was suggested that LCIA indicators should ideally be the 
same in both approaches.
1.6 Need for spatial differentiation in land use impact 
assessment
Traditional LCA with spatial-generic impact assessment is 
not satisfactory for biodiversity and soil quality impact as­
sessment: regional-dependency is a necessity if the LCA re­
sults are to be meaningful from a land use impacts perspec­
tive. Eco-regions^ are certainly an improved level of spatial 
differentiation (rather than political boundaries) particularly 
for biodiversity, but even at this level there is a lack of back­
ground data. In the case of soil quality, variations within the 
same eco-region are probably still too wide. However, the 
ipproach and indicators should be the same in all regions 
ind sectors, as the results will have to be aggregated over 
:he life cycle. This was identified as being quite problematic 
Decause the drivers for biodiversity loss and soil degrada- 
:ion vary between different sectors and eco-regions.
I Recommendations for Soil Quality Indicators
Vlany specific indicators for soil quality were mentioned and 
liscussed during the workshop. These were mostly derived 
or agricultural land management, and so are focused on 
he resource value of land for biomass production. An addi- 
ion to the soil quality indicators commonly discussed in 
.CA literature was the use of mycorrhizal communities, 
vhich play a crucial role particularly in forest soils, and can 
ilso be used as indicators of system recovery. The main point 
)f agreement was that it is unlikely that a universally ac- 
eptable indicator for soil quality can be derived that will be 
neaningful for all land uses and soil types, and therefore a 
et of indicators is likely to be required.
"he main limitation with such sets of indicators, as often 
ecognised in the literature, is that aggregation to a single in-
As d efin ed  by WWF: http://w ww .w orldw ildlife.orQ /w ildfinder
dex for soil quality is not obvious. One potential way forward 
identified in the group discussions is the inclusion of the con­
cept of vulnerability to degradation (related to soil resilience, 
see Romanya), defined as the distance to a degradation thresh­
old. This is a general idea that might also be extended to other 
effects with critical thresholds. Degradation thresholds need 
to be defined for each degradation threat, and are dependent 
on the eco-region and management system (e.g. irrigated/non­
irrigated agriculture). The final indicator chosen for soil qual­
ity should depend on the threat that is closest to the critical 
threshold, and be defined according to threat-specific 'dose- 
response' curves, on a relative scale. The steps to select the soil 
quality indicator and assess the effect of the studied system on 
soil quality can thus be described as:
1. Identify relevant threats to soil quality: compaction, 
chemical contamination, soil loss, salinisation, etc.
2. Define indicators and the 'dose-response' functions for 
each threat
3. Determine the distance to each threat threshold (system 
quality state)
4. How does the system affect the distance to the thresh­
old? {pressure from studied system)
Wienhold et al. (2004) distinguish three main types of 'dose- 
response' curves according to indicator behaviour:
• 'More is better' indicators: soil depth, SOC, Cation Ex­
change Capacity (CEC)...
• 'Less is better' indicators: bulk density, soil loss, electric 
conductivity?...
• 'Middle point indicators ' : pH ...
The implementation of such a framework requires exten­
sive collection of data at the local level, and related to soil 
management. It is quite unlikely that these data will be avail­
able soon on a global level through e.g. world maps. Conse­
quently, this approach might not be suitable for the broader 
perspective of LCA applications, as the information required 
is possibly only available for specific life cycle stages such as 
agricultural production. Another possibility for soil quality 
assessment within LCA would be to work with land classes, 
in a similar approach to that used by many methods for 
biodiversity assessment in LCA, whereby competition be­
tween different uses should be assessed according to land’s 
productive capacity (e.g. do not build on Class I soil, and 
preserve this for food production or for biodiversity).
3 Recommendations for Biodiversity Indicators
In general, it is difficult to identify biodiversity indicators 
that are cross-regional (how does biodiversity in a tropical 
rainforest compare to biodiversity in a semi-arid zone?) or 
cross-sectoral (e.g. it is easy to find indicators for tilled agri­
culture: earthworms? But how are these to be compared to 
an indicator for the effects of mining?). On the other hand it 
would probably be more straightforward to compare man­
agement practices in agricultural systems within the same 
eco-region and it may be more realistic and practical to limit 
attention to indicators for this kind of purpose (e.g. Rydgren).
A common assumption to be questioned is that 'more 
biodiversity is better', as more invasive species are not desired, 
whereas ecosystems naturally low in species numbers need 
to be protected. It was also stressed that no attention is be­
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ing paid to marine environments, even though on a global 
scale and from a life cycle perspective they may be crucial.
The main discussion point on biodiversity indicators revolved 
around how to better indicate the values of biodiversity that 
need protection. The current trend in lA points towards as­
sessing what we want to achieve rather than effects on a 
particular species (value driven indicators rather than purely 
science based). It was stressed that the technocratic perspec- 
:ive where Nature conservation is seen as separate from 
luman life needs to be avoided to get the buy-in of the rest 
)f the world: we need to include what has value for people.
The discussion on value-driven vs. purely science-based in- 
licators is closely related to the level at which the indicators 
o measure biodiversity are defined. Two broad options seem 
o be available:
' Use specific taxonomic groups or even single species (e.g. 
vascular plants; key taxa involved in ecosystem services 
such as pollinators, decomposers, etc.), recognising that 
the chosen taxonomic groups may not be comparable 
across different regions or sectors. There is a trade-off 
between completeness (ideally all taxa should be assessed) 
and practicality (data availability)
Measure effects on ecosystems. The comparison of ecosys­
tems only seems to make sense within the same eco-region, 
and they need to be rated. This is inherently a normative 
assessment, depending on stakeholder values and priori­
ties, so that it must be addressed as a public engagement 
problem with no pretence of expert 'scientific objectivity'
The discussion in the workshop did not reach a consensus 
)n whether one option is better than the other; however, 
iseful suggestions on criteria to select taxonomic groups as 
liodiversity indicators and of indicators at ecosystem level 
yere made. These are discussed in turn below.
.1 Criteria to select taxonomic groups as biodiversity indicators
"he first criterion should be that data are available, in order 
0 start incorporating biodiversity in LCA soon (e.g. vascu- 
ir plants). Other useful criteria are:
able 1 : Examples of ecosystem-level indicators for biodiversity
Ease of measurement, taxonomy known ('the bigger the 
better')
Species which can serve as measurable proxies (e.g. ar­
thropod populations frequently correlate strongly with 
populations of birds and other predators)
Keystone species (crucial for environmental services: 
pollinators, decomposers, nutrient cycling, etc.) 
Charismatic species (especially significant for local com­
munities)
Invasive, weed, alien and feral species (look at 'undesir­
able' species as indicators of degradation)
Taxa sensitive to disturbance or land use (e.g. sensitive 
to soil tillage, epiphytic orchids, etc.)
Threatened taxa 
Succession indicators
It was also pointed out that belowground biodiversity is not 
generally included in the current indicators, and it needs to 
be brought forward as it may be even higher than above­
ground biodiversity. However, an important issue with soil 
biodiversity is lack of data.
3.2 Examples of biodiversity indicators at ecosystem level
Some potentially useful indicators were identified that work 
at ecosystem level. They were discussed in terms of LCA 
data requirements (Table 1).
4 Conclusions, Perspectives and Research Needs
The main conclusions from the workshop are:
• Land use impacts need to be considered in LCA, not only 
of activities which make extensive use of land but for all 
life cycle stages in all types of products.
• The traditional site-generic LCA methodology is not sat­
isfactory for land use impacts, as has been previously 
discussed for other impact categories (e.g. acidification, 
eutrophication, etc.).
• LCA is considered a suitable tool to incorporate land 
use impacts particularly in comparisons of systems which 
differ substantially in terms of land use impacts (e.g. en-
indicator Land management 
information
Environmental mechanism Eco-region
information
Relevant
bio-geographical
parameters
ntactness (Scholes and 
3lggs 2005); proportion of 
he original groups of species 
Dresent in different land 
jse types
Background/dynamic reference 
situation
Indirect effects on 'neighbouring' areas, 
driving change elsewhere ('neighbouring' is 
used in the LCA sense: land affected by 
the studied land use, even If it occurs 
elsewhere in the world)
Knowledge on 
species response 
to land use
Species 
distribution lists 
and land use 
maps
ntegrity (Scholes and Biggs 
2005): fully functioning vs. 
lon-functioning ecosystems
The supporting environment 
(and key environmental 
functions) 'allowing' biodiversity 
to exist, e.g. pollinators
What are the key functions guaranteeing 
ecosystem viability/integrity e.g. 
maintenance of water flow to a wetland
Key functions 
and processes
n.t.
fragmentation 
Schenck 2006)
Remote sensing info, spectral 
signatures identified
Occupation driving reduced connectivity Footprint of 
activity and 
remote sensing 
data
n.t.
Endemism (Treweek and 
3ubb 2006): high proportions 
)f endemic species indicate 
ligh biodiversity value
n.t. Bird endemisms are a good proxy, as birds 
move and therefore show a quick response 
to pressure
n.t. n.t.
scarcity (Michelsen 2006) n.t. n.t. n.t. n.t.
i.t.: there was no time to discuss this aspect
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ergy production from energy sources obtained from for­
ests vs. agriculture vs. mining).
It is important to strive towards more detailed assess­
ments to illustrate, in a life cycle perspective, the effects 
of different management practices for similar types of 
land and uses (e.g. organic vs. conventional crops). 
System modelling differences for attributionai and con­
sequential LCA studies have been identified and described 
-  key to this is the consideration of off-site effects and 
marginal vs. average land uses in consequential LCA. 
The effects of marginally increasing/reducing demand for 
land could be defined in a similar way as was done for 
energy systems some years ago (definition of an agricul­
tural 'electricity-grid').
Many degradation processes affect soil, and LCA should 
be able to capture the most relevant in a spatially-depen- 
dent way. An approach was suggested considering the 
resilience and vulnerability of soil to the different threats 
according to the distance to thresholds beyond which 
the soil quality becomes much more sensitive to stress. A 
similar but more extreme approach is to consider the 
distance from 'tipping points' at which the system 
switches to another state; this involves considering the 
possibility of discontinuous (and, in the short term, irre­
versible) change rather than continuous response curves. 
In the case of biodiversity indicators, there is no clear 
consensus on the preference for species vs. ecosystem level 
indicators. The potential ease-of-use of the first contrasts 
with the importance to incorporate the more qualitative 
information (e.g. ecosystem scarcity, degree of fragmen­
tation, etc.) captured by ecosystem level indicators. The 
decision on the type of indicators is left for the practitio­
ner, and some criteria and examples to select indicators 
were proposed in the workshop discussions.
The conduction of LCA case studies of systems in which 
consideration of land use impacts is essential (e.g. activities 
which make an extensive use of land, land-based vs. abi­
otic-based products, etc.) could provide a good platform to 
address the research needs that follow from the above con­
clusions. A specially relevant case study requiring the incor­
poration of land use impacts in LCA, which is of the utmost 
importance in the current energy policy context, is the com­
parison of energy sources (e.g. bio-energy A vs. bio-energy 
B vs. fossil energy). It would be important to include differ­
ent eco-regions to account for the potential international 
trade in energy crops. It is recommended that these studies 
be used to further develop the suggestions made here with 
regard to biodiversity and soil quality indicators for LCA.
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Abstract
Background, Aims and Scope. Land use by agriculture, forestry, min­
ing, house-building or industry leads to substantial impacts, particu­
larly on biodiversity and on soil quality as a supplier o f life support 
functions. Unfortunately there is no widely accepted assessment method 
so far for land use impacts. This paper presents an attempt, within the 
UNEP-SETAC Life Cycle Initiative, to provide a framework for the Life 
Cycle Impact Assessment (LCIA) of land use.
M ain Features. This framework builds from previous documents, 
particularly the SETAC book on LCIA (Lindeijer et al. 200 2 ), devel­
oping essential issues such as the reference for occupation impacts; 
the impact pathways to be included in the analysis; the units o f meas­
ure in the im pact mechanism (land use interventions to impacts); 
the ways to deal w ith impacts in the future; and bio-geographical 
differentiation.
Results. The paper describes the selected impact pathways, linking the 
land use elementary flows (occupation; transformation) and param­
eters (intensity) registered in the inventory (LCI) to the midpoint im­
pact indicators and to the relevant damage categories (natural environ­
ment and natural resources). An impact occurs when the land properties
are modified (transformation) and also when the current man-made 
properties are maintained (occupation).
Conclusion. Guidance is provided on the definition o f the dynamic ref­
erence situation and on methods and time frame to assess the impacts 
occurring after the actual land use. Including the occupation impacts 
acknowledges that humans are not the sole users o f land. 
Recommendations and Perspectives. The main damages affected by land 
use that should be considered by any method to assess land use impacts 
in LCIA are: biodiversity (existence value); biotic production potential 
(including soil fertility and use value o f biodiversity); ecological soil 
quality (including life support functions o f soil other than biotic pro­
duction potential). Bio-geographical differentiation is required for land 
use impacts, because the same intervention may have different conse­
quences depending on the sensitivity and inherent land quality o f the 
environment where it occurs. For the moment, an indication o f how  
such task could be done and likely bio-geographical parameters to  be 
considered are suggested. The recommendation of indicators for the 
suggested impact categories is a matter o f future research.
Keywords: Biodiversity; bio-geographical differentiation; dynamic 
reference situation; land quality; land use; land use impacts; LCA; 
LCIA; natural environment; natural resources; site-dependency; soil 
quality
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1. What does ‘‘green ” mean? - seeking to understand and meet conflicting aspirations for food
2. Measuring “green ” - does Life Cycle Analysis make sense for food?
Some methodological issues in the life cycle assessment of food 
systems: reference systems, land use emissions and allocation
ByMBRANDÂO
Centre for Environmental Strategy (D3), University o f Surrey, Guildford, Surrey GU2 7XH, UK
Summary
Food products have a significant environmental impact along their life cycles and the 
need to assess them systematically is well documented. LCA methodology, developed 
primarily for industrial systems, cannot be applied to agriculture without methodological 
developments. The purpose of this paper is to identify methodological issues in the 
application of LCA to food systems, in particular reference systems, land use emissions 
and allocation; and propose methods for their inclusion. The results suggest that these 
issues can and should be considered. Results have a high degree of sensitivity to the 
reference system and allocation method adopted, as well as to the inclusion of land use 
emissions. If these methodological issues are addressed, it makes all sense to apply LCA 
for measuring the environmental impacts of food.
Key words: Life cycle assessment (LCA), food systems, land use, allocation, biogenic 
carbon cycle, reference systems, sensitivity analysis
Introduction
Food products have a significant environmental impact along their life cycles and, therefore, 
the need to assess them systematically, for example carbon labelling is well documented 
(Garnett 2006; Tukker et al., 2006). Moreover, it is widely recognised that life cycle assessment 
methodology, developed primarily for industrial systems, cannot be applied to agriculture without 
methodological developments (Cowell 1998; van derWerf & Petit, 2002; Milà i Canals, 2003). The 
issues that need attention include: functional unit; land use impacts on global warming potential, 
ecosystem services, soil quality, water use and biodiversity; allocation; temporal boundaries; 
scenario development; unusual elements; food waste; and actor analysis (Koellner et al., 2008; 
Milà i Canals et al., in preparation).
The purpose of this paper is to identify some methodological issues in the application of life cycle 
assessment to food systems and propose methods for the inclusion of these issues -  in particular, 
reference systems, land use emissions and allocation -  in life cycle assessment. Previous work 
related to this investigation has been made (Sleeswijk et al. 1996; Audsley et al., 1997; Baitz et 
al., 1999; Milà i Canals, 2003; Milà i Canals et al., 2006; Milà i Canals et al., 2007). Several 
methodological issues are encountered when LCA is applied to food systems. The principal issues 
are discussed in the following sections, along with the author’s recommendations.
Reference System
The reference system defines the most likely alternative land use, were the investigated land use 
absent, so that a proper comparison between systems is made (Jungk et al., 2002). For example, 
in order to assess the environmental consequences of increased wheat production in the UK, it 
is necessary to identify the displaced land use. If the increased wheat production were to replace 
the production of grass, an alternative animal fodder would then have to be produced elsewhere, 
if we assume that consumption remains constant, or existing land for fodder would have to have 
higher yields, and extra wheat would have to be exported or less imported (expansion, intensity 
and imports/exports) (Schmidt; Kloverpris et a l, 2008). These indirect environmental impacts 
associated with increased land for wheat production in the UK need to be taken into account.
The reference system includes the reference area (alternative land use) and, in addition, it 
includes all the land use changes that arise indirectly, as well as all emissions from transport and 
other processes. The question needs to be formulated precisely, so that the reference system is 
automatically defined (Fig. 1).
In this case, to compensate for the loss of grass, it is considered that rainforest is cleared to make 
way for soya beans to be exported to the UK as an animal fodder replacement. It is, therefore, 
argued that the environmental impacts of the land use changes associated with increased use of 
land in the UK for wheat production need to be taken into account by adopting a realistic land use 
reference that is consequently displaced and accounting for its environmental impacts.
Reference area
Grassland Soya beansWheat Rain forest
UK UK South America South America
Elements o f  the 
reference system
Fig 1. Illustrative example o f  a simplified reference system.
In this ease, in addition to the cradle-to-gate CO  ^ eq emissions of 4660 kg ha'  ^ (Audsley et 
al. 2005), one would have to account for the carbon emissions as a result of the change in land 
use from tropical forest (428 t C ha ') to cropland (131 t C ha '). The difference corresponds to 
1,089 t CO^ha ', which is more than 200 times superior to the other emissions from the rest of 
the life cycle. Even if these were to be distributed among the products arising from that land for 
the subsequent 20 years, as recommended by the Carbon Trust (PAS, 2050), wheat would still be 
ascribed 541CO^ eq, which makes the reference system one order of magnitude more significant 
than all the other stages together. Ignoring or excluding this issue is a mistake and the results 
would be misleading, as emissions would be underestimated.
Land use
Land use per se has been traditionally ignored in life cycle assessments, although the 
environmental impacts arising from different land uses may be significant and varied (Lindeijer 
et ah, 2002; Milà i Canals et ah, 2006). However, land use at different life cycle stages should be 
included in the assessment of food products (and agricultural and silvicultural production, more 
generally) because land is an important and constrained resource, principally in cultivation but 
possibly also at other stages of the life cycle. Competition for land use (in terms of ha yr' not 
available for other uses) has been addressed in a few studies (e.g. (Kloverpris et ah, 2008) but no 
agreed methodology has yet emerged. Other impacts that have generally been overlooked include 
biodiversity, ecosystem services (including soil quality), and changes in soil organic carbon - that 
may account for a significant share of the total life cycle climate-changing emissions of land-use 
products (Searchinger et ah, 2008; Brandao et ah, submitted).
In addition to the emissions associated to the potential land-use change identified above (reference 
system), it is estimated that soils of arable systems lose 0.40 -  0.84 t C ha yr' to the atmosphere 
(Arrouays et ah, 2002; Vleeshouwers and Verhagen 2002; Reijnders and Huijbregts 2007). If this 
is accounted for in the example give above, it would be as much as a fifth of the total (around 
1,000 kg CO2 -  if we consider the wheat to occupy land for less than a full year). Hence, it cannot 
be ignored.
Incidentally, changes in soil carbon content due to a particular land use change can also be used 
as an indicator for the impacts of land use on soil quality (Cowell & Clift, 2000; Milà i Canals, 
2003; Milà i Canals et ah 2007; Brandao et ah, submitted), since the content of organic matter 
in the soil directly and indirectly affects most (if not all) soil functions. This avoids the use of 
more complex (but not necessarily more accurate) indices that include a variety of aspects of soil 
quality and functions.
Salutary methods to measure land use impacts on biodiversity have been devised; some with 
reference to an indicator of the difference in the density of plant species per unit area of a particular 
land use as compared to a reference state (Scholz, 2007; Koellner et ah 2008; Koellner & Scholz 
2008). Land use impacts on the water balance have also been considered before (Heuvelmans et 
ah, 2005) but is largely ignored.
It is clear that a more comprehensive assessment of food products must include the impacts of 
land use on climate change, biodiversity and ecosystem services, as described above.
Allocation
The allocation problem
A methodological allocation problem arises when a process is multifunctional; i.e. it fulfils one or 
more functions for the product life cycle investigated and a different function, or set of functions, 
for other products (Ekvall & Finnveden, 2001). Allocation; which the ISO 14040 standards (ISO 
2006) define as “partitioning the input or output flows of a process to the product system under 
study”, of the environmental load (i.e. raw materials and emissions) is needed to show what share 
of the environmental impact should be attributed to each product life cycle.
Food systems (and biotic systems in general) are characterised by multifunctionality: for example, 
crop production and animal rearing share some common processes, such as those related to manure 
management and grass. Although this practice makes good use of synergies, its modelling presents 
problems in terms of allocation when each product is to be treated and assessed separately.
Types o f Allocation Problems
There are three main types of process in which allocation problems arise: multiple outputs (Fig. 
2), multiple inputs (Fig. 3) and recycling (Fig. 4).
Multi-output, also known as co-production, is the case where a process delivers more than one 
product so that the impacts need to be allocated between the different products.
Multi-input refers to cases where more than one stream passes through a process (or sub-system) 
so that the environmental loads from operation of the process must be allocated between those 
inputs. Examples include waste treatment, transport, and refrigeration.
If an output is used as an input in the same system, the practice is called closed-loop recycling 
and should not present allocation problems as no other product system is involved. However, 
when an output is used as an input to another system, this is termed open-loop recycling and an 
allocation problem emerges. Examples include manure used as fertiliser in crop production.
Principles o f allocation 
The ISO 14041 standard (ISO 1998) stipulates three principles with regards to allocation:
• Before allocation, all the activities shared between product systems must be identified.
• All environmental loads must be allocated among products (100% rule).
• Sensitivity analysis should be carried out to guide final selection of allocation procedure, 
particularly when different procedures are potentially applicable.
ISO 14041 recommends the following approach for allocation in multifunction processes (ISO 
1998):
1. Allocation should be avoided, wherever possible, either through subdivision of the multifunction 
process into subprocesses or through expansion of the systems investigated until the same functions 
are delivered by all systems compared.
2. Where allocation cannot be avoided, the inputs and outputs should be partitioned between its 
different products or functions in a way which reflects the physical relationship between them.
3. Where such physical casual relationship alone cannot be used as the basis for the allocation, 
the allocation should reflect other relationships between environmental burdens and the functions, 
such as economic relationships.
Although the above and other LCA guidelines are useful and applicable to many situations, it 
is important to note that these can be regarded as too strict, because the allocation method to be 
chosen depends heavily on the type of LCA to be performed and on the goal and scope of the study 
(Baumann & Tillman, 2004). As such, there will be cases where the above recommendations do 
not apply sensibly. It is also important to note that very different result will be achieved when 
using these different allocation methods to the same problem. This is why a sensitivity analysis is 
recommended, particularly when it is not obvious which method should be chosen. Even though 
there are case-studies in the literature where allocation problems have been reduced through 
subdivision of multifunction process, it is very rare that the problem can be totally eliminated. 
For instance, in the dairy sector (Eide & Ohlsson, 1998) several activities can be easily assigned 
to liquid milk or to the eo-products (cultured milk and cream): milk filling and milk carton to 
the liquid milk, cream pasteurisation to the cream or milk. However, the shared activities of 
cooling, storage, homogenisation, among others, do still require allocation. Although it may be 
considered too complex or resource intensive in spécifié applications (ISO, 1998; Baumann & 
Tillman, 2004), system expansion is widely regarded as the best approach for multifunctional 
systems (e.g. Weidema, 2000).
Emissions
Ancillaries  ^  ^ Product A
Process
Inputs ^ ^  Product B
Fig. 2. Schematic diagram of a multi-output process.
Emissions
Product A
Product B
Process Inputs
Fig. 3. Schematic diagram of a multi-input process.
Inputs
Product A
^ EmissionsInputs
Product BProcess 3
Process 1
Process 2:
Recycling
Inputs
Fig. 4. Schematic diagram of open loop recycling.
System expansion relies on identifying an alternative way of producing one of the functions 
of the system under study. This method avoids allocation because all the environmental load of 
the multifunctional process is ascribed to the product under study, but the environmental burdens 
related to the alternative production method that are avoided, are credited to the product under 
study (Baumann and Tillman 2004). For example, an animal production system can be credited 
for the associated production of manure to the extent that the use of manure really does displace 
the use of synthetic fertilisers (Reijnders and Huijbregts 2005) (fig.5). Other examples where 
allocation problems arise include combined meat and dairy systems (Cederberg and Stadig 2003), 
crop rotations (van Zeijts et al. 1999), use of inorganic fertilisers, use of green manures and 
leguminous leys, use of compost and lime, use of machinery and buildings (including refrigeration 
and transport).
MeatProcess A:
Co-producing
process
Process D:
Displaced or Avoided product
avoided process
Manure
Fertiliser
Fig. 5. Schematic diagram showing system expansion.
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Example: allocating the environmental burden o f wheat between grain and straw 
In this example, the allocation problem is illustrated by a cereal crop system producing wheat 
grain and wheat straw; the latter being used for electricity production. This is, therefore, a 
multi-output system and the environmental load of common processes, such as cultivation and 
harvesting, needs to be allocated to wheat grain and to electricity production. The environmental 
load of processes that are not common (grain transport, processing, waste management, etc.) does 
not need to be allocated. All the values used are based on literature (Elsayed, 2003). Note that this 
example does not adopt any reference system but includes soil carbon emissions.
During cultivation and harvesting, the production system requires several inputs that are associated 
with resource use and emissions (machinery, fertiliser, etc.). This process has two outputs: grain 
and straw. The grain is further processed into products. The second product -  straw -  is then used 
for electricity generation (Fig. 6 ).
>990 Kg CO2 eq/ha
Straw Wheat
Transport, Drying 
and Storage
Grain Milling, 
Processing
Waste Management
Transport and Storage
Electricity Generation
Cultivation and Harvesting
Fig. 6 . Flowchart of a multi-output system (wheat and straw).
Three allocation methods and the allocation of burdens to wheat only are analysed. For each, we 
assume three different possibilities of what needs to be allocated in the following scenarios:
1 . burdens associated with cultivation and harvesting;
2 . the above, plus, transport and storage (if straw is considered a waste rather than a product and 
these processes a way to manage waste rather than add value); and combustion is regarded as a 
means for waste management); and
3. all the above plus electricity generation (if considered as a way of waste management)
The four allocation methods considered for allocating burdens associated with the above 
processes are:
• Surplus (everything to main product -  wheat product)
• System expansion (where the burdens associated with the alternative production of energy 
feedstock from willow short-rotation coppice for electricity generation is avoided)
• Allocation by mass
• Allocation by economic value
Fig. 7 shows the allocation of environmental burdens (CO  ^ eq. emissions) to wheat. .It is 
clear that allocation methods vary significantly within each scenario but not inter-scenario. The 
magnitude of the sensitivity of the results to the allocation method adopted is significant, but 
not to the consideration of inputs as wastes or resources. In particular, crediting the wheat with 
the avoided burdens of producing chips from short-rotation coppice actually results in higher 
emissions because the coppice sequestered C in soils. Allocation on a mass-basis only attributes 
about half of the emissions to wheat, whereas allocation by economic value attributes almost 90% 
of emissions to wheat due to its high yield and price ratio of grain to straw.
3,000
2,500
o- 2,000 0)
o  1,500
1,000
Scenario
100%
S Surplus
01 System Expansion
□ Mass
□ Economie value
Fig 7. Sensitivity of results to allocation method adopted shown by the different bars for in each scenario. 
The scenarios related to what needs to be allocated: 1) burdens associated with cultivation and harvesting; 
2 ) 1 plus, transport and storage (if straw is considered a waste rather than a product and these processes a 
way to manage waste rather than add value); and 3) 2 plus electricity generation (if combustion is regarded 
as a means for waste management).
Discussion
This paper identified some methodological issues that are important in the application of LCA 
to food systems and argues that these can and should be accounted for in such assessments. 
In particular, it suggests methods for including reference systems, land use impacts on global 
warming, and allocation.
The rationale for considering these issues carefully is that they may have a significant contribution 
to the life cycle environmental impacts of food systems, and also because results are highly 
sensitive to the method chosen, as is illustrated in the allocation example.
The results of the examples suggest that, despite the fact that carbon emissions associated with 
land use (soil carbon emissions) and land-use ehange (reference systems) in the life cycle of food 
products, particularly at the cultivation stage, are often neglected; these are potentially highly 
significant.
Some methods were suggested for dealing with allocation issues in food systems. The allocation 
method to be chosen depend heavily on the use intended for the co-product and its importance (i.e. 
main product or secondary product), of which the product’s relative economic value is decisive. 
The method to be chosen is dictated by the goal and scope of the LCA study to be performed. 
Nonetheless, system expansion is the preferred method for allocation, followed by economic 
allocation.
Results were also found to have a high degree of sensitivity to the reference system and the 
allocation method adopted, and therefore care must be taken when choosing these and a sensitivity 
analysis should always be presented.
In addition to the issues explored, emphasis must be also put on the importance of assessing the 
land use impacts on ecosystem services and biodiversity, which are closely related, but not solely, 
to the cultivation stage of food systems.
In conclusion, if all these issues are considered, it makes a lot of sense to apply life cycle 
assessment to food systems.
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9 Abstract
10 Biofuels have been proposed as a strategy to tackle climate change. However, once
11 soil emissions of greenhouse gases at the cultivation stage of biofuel crops, coupled
12 with the indirect effects of biofuels -  in a life cycle approach -  are taken into account,
13 the greenhouse gas savings decrease substantially or cease to exist altogether.
14 Moreover, indirect land use change - and related greenhouse gas (GHG) emissions -
15 may negate any greenhouse gas advantage that biofuels may have had, particularly if
16 these result in the conversion of land that has previously been dense in carbon.
17 Therefore, the assessment of any policy strategies aiming at mitigating climate change
18 through the use of biofuels must account for all the associated GHG emissions,
19 including those from soil that arise directly at biofuel crop production, but also those
20 arising indirectly from land-use change. Alternative land-use strategies to mitigate
21 climate change, such as reforestation, may well provide better greenhouse gas
2 2  emission savings than biofuels.
23
24
25 Keywords
1 Climate change; carbon cycle; soil organic carbon (SOC); biofhels; indirect land-use
2 change (ILUC); Life Cycle Assessment (LCA)
3
4 Introduction
5 As part of the strategy to reduce GHG emissions, government policy in a growing
6  number of countries is promoting the production and use of biofuels, which also
7 contributes to the additional objectives of energy security and increased income to
8 farmers. However, debate over the advantages or otherwise of producing biofuels is
9 intense, in which actual global GHG savings and potential impacts on biodiversity and
10 food security are a major concern. According to (Brandao, Submitted; Brandao et al.,
11 in press), the GHG savings potential of biofuels, which is the focus of this paper, are
12 not clear and vary widely depending on:
13 # the crop/feedstock chosen and how it is used (transport, electricity and/or
14 heat),
15 • the amount of agrochemical use,
16 • the displaced fossil fuel, and
17 # the direct and indirect CO2 emissions from land use and land-use change.
18
19 This paper reports on the importance of considering soil carbon emissions from direct
20 and indirect land use and land-use change in the GHG assessment of biofuels.
21
1 Soils and the carbon cycle: the importance o f biogenic stocks andflows
2 Terrestrial ecosystems play a crucial role in the carbon cycle. Therefore, the impacts
3 of land use on climate change, through carbon emissions and sequestration in plants
4 and soil needs to be addressed in the “carbon footprints” of biofuels. This section
5 focuses on the influence of land use on the exchange of CO2 between the carbon pools
6  in the atmosphere and biosphere; the latter including vegetation and soil.
7
8 The last report of the Intergovernmental Panel on Climate Change (IPCC) in 2007
9 attributed primordial importance of atmospheric CO2 concentration on radiative
10 forcing (Denman and Lohmann, 2007; Forster et al., 2007; Müller-Wenk and
11 Brandao, submitted). Indeed, CO2 is responsible for 85% of the total radiative forcing
12 caused by anthropogenic emissions, despite its relatively low radiative forcing. The
13 importance of CO2 in climate change is therefore due to the sheer amount that is
14 emitted (see figure 1).
15
16 The contribution of land-use change as a source of CO2 emissions to the atmosphere
17 is substantial (see figure 1). Indeed, the fourth assessment report of the IPCC
18 (Denman and Lohmann, 2007) estimates the total historic anthropogenic carbon
19 emissions to the atmosphere at 384 Gt\ of which 140 Gt (or 36%) has originated from
20 land-use changes and the remaining 244 Gt C (64%) from the combustion of fossil
21 fuels. The biogenic emissions of carbon therefore account for more than one third of
22 the total anthropogenic historic carbon emissions. However, the biosphere has also
23 accounted for 101 Gt of carbon storage from the atmosphere. This counterbalance
24 does not suffice in changing the status of the biosphere as a net carbon emitter (39 Gt
' 1 gigatonne (Gt) = 1,000,000,000 tonnes = lO'  ^gram
1 C), even though, during the 1990s, the biosphere is thought to have sequestered more
2 (2.6 Gt/yr) than what it has emitted (1.6 GtC). Of the total historic carbon emissions,
3 165 Gt (43%) still remain in the atmosphere. Of the 219 Gt absorbed, 54% were
4 absorbed by the oceans and 46% by the biosphere. This has resulted in an increase in
5 the atmospheric stock of 165 Gt or 28% from pre-industrial levels.
6
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Figure 1 The global carbon cycle for the 1990s (Denman and Lohmann, 2007; Watson 
et al., 2 0 0 0 )
The atmosphere is, however, the smallest pool of carbon, accounting for only 1.5% of 
the total carbon stock. The biosphere and fossil fuel stocks represent 5.5% and 8 % 
respectively. The major pool of carbon is the oceans (85%). Of the biosphere, soil
1 organic matter is estimated to represent about 2,000 Gt C (Watson et al., 2000), which
2 is a major pool^  (81%). The remaining carbon is embodied in vegetation (see figure 1
3 and table 1).
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7 Figure 2 Global carbon stocks in vegetation and soil carbon pools (Watson et al.,
8 2000).
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1 Figure 3 Biome carbon density (Watson et al., 2000)
2
3
4 Table 1 : Carbon stocks in vegetation and soils (Watson et al., 2000)
Area Global Carbon Stocks (Gt C)
Biome (1 0  ^ha) Vegetation Soils (1 m) Total
Tropical forests 1.76 2 1 2 216 428
(1 2 0) (123) (243)
Temperate forests 1.04 59 100 159
(57) (96) (153)
Boreal forests 1.37 8 8 471 559
(64) (343) (407)
Tropical savannas 2.25 6 6 264 330
(29) (117) (146)
Temperate grasslands 1.25 9 295 304
(7) (236) (243)
Deserts and semideserts 4.55 8 191 199
(2 ) (42) (44)
Tundra 0.95 6 121 127
(6 ) (128) (134)
Wetlands 0.35 15 225 240
(43) (643) (6 8 6 )
Croplands 1.60 3 128 131
(2 ) (80) (82)
TOTAL 15.12 466(31) 2011(133) 2477 (164)
1 Numbers in parenthesis re hr to average biome carbon stocks (t C per ha)
2
3 Carbon stocks in vegetation and soil depend on both bio-geographical conditions and
4 human interventions. Table 1, figure 2 and figure 3 show the carbon stocks in
5 vegetation and soils of the different biomes. The carbon stocks in vegetation are high
6  in forests, particularly in tropical forests, and they are practically negligible in
7 croplands, tundra, deserts and semideserts, and temperate grasslands. In contrast,
8 carbon stocks in soil are larger where the decay of organic matter is slow, due to cold
9 climate (e.g. boreal forests) or due to scarcity of oxygen in soil (e.g. wetlands). The
10  data shown in the above figures and table refer to the actual mix of natural and
11 anthropogenic land use within a biome (Müller-Wenk and Brandao, submitted). The
12 area of'croplands', is, of course, disturbed and includes land of various climatic zones.
13
14 Indirect Land Use Changes (ILUC)
15 Increased demand for biofuel crops can be met in two different ways: intensification
16 of existing agricultural land or displacement of current land uses; both with significant
17 GHG implications. If the land to be displaced is not agricultural, the expansion of
18 cropland has the potential to result in large quantities of carbon (C) emissions through
19 land-use change. As identified in the section above, the conversion of carbon-dense
20 lands into cropland can result in the net emission of around 600 t C per ha and, thus,
21 negate the GHG benefits of biofuels or increase their pay-back time beyond reason.
22 An emission saving of 1,000 kg COieq per ha and year, which is not a conservative
23 estimation for biodiesel from oilseed rape (Brandao, Submitted) means that this
24 biofuel strategy would need 2,000 years to compensate for the carbon released to the
1 atmosphere as a result of the conversion of 1 ha of wetland into cropland. Recent
2 papers alerting to this important factor include (Searchinger et al., 2008), (Giovanni
3 DE SANTI (Ed.) et al., 2008) and (Gallagher, 2008).
4
5 Discussion and Conclusion
6  Biofuels have been proposed as a strategy to tackle climate change as their use
7 replaces the use of their fossil counterparts and, hence, avoids the associated
8 greenhouse gas emissions responsible for climate change. However, once soil
9 emissions of greenhouse gases such as CO2 and N2O at the cultivation stage of biofiiel
10 crops, coupled with the indirect effects of biofuels -  in a life cycle approach -  are
11 taken into account, the greenhouse gas savings decrease substantially or cease to exist
12 altogether. Despite SOC changes being dependent to some extent on soil management
13 practices and location, it is of paramout importance to include them in the GHG
14 assessment of biofuels. Once this is done, it becomes clear that first generation
15 biofuels for transport present very mediocre levels of GHG savings, if any, whereas
16 perennial grasses or woody crops present the highest levels of GHG savings.
17
18 In addition, second order indirect effects -  such as indirect land use change and
19 related greenhouse gas emissions -  may negate any greenhouse gas advantage that
2 0  biofuels may have had, particularly if demand for these result in the conversion of
21  land that has been previously been dense in carbon, such as tropical and boreal forests
22 or wetlands, and that was cleared to make way for crops. Therefore, the most critical
23 factor in the GHG assessment of biofuels is ILUC which, due to globalised-nature of
24 biofuel trade, is difficult to account for as the traceability potential of the biofuel, in
25 terms of its land-use origin, is limited.
12 It is clear that an analysis of indirect land-use changes, using a consequential LCA
3 approach which allows for displaced land use as well as full life-cycles is essential
4 when assessing the relative merits of biofuels. This requires data on the most likely
5 effects of land-use change and the net energy yield associated with the land uses. Such
6  displacement effects need to be identified and their environmental consequences
7 included in any truly holistic assessment of biofuels.
8 This paper argues that the assessment of any policy strategies aiming at mitigating
9 climate change through the use of biofuels must take into account the greenhouse
10 emissions from soils that arise directly at biofuel crop production, but also the
11 possible indirect effects that are associated with land use and land-use change;
12 otherwise, that policy may have perverse effects: it may well create what it was trying
13 to avoid in the first place: an increase in greenhouse gas emissions. Alternative
14 strategies to mitigate climate change that include land use may well provide better
15 greenhouse gas emission savings than biofuels. Indeed, despite the opportunities that
16 biofuels and bioenergy may or may not present, it is clear that alternative land-use
17 strategies for climate change mitigation are worth exploring. For example, Righelato
18 and Spracklen (Righelato and Spracklen, 2007) suggest that “the carbon sequestered
19 by restoring forests is greater than the emissions avoided by the use of the liquid
20 biofuels” due to the C sequestered in the soil and in above-ground biomass, and
21 therefore argue for reforestation and forest maintenance.
22 In addition, credit for the temporary storage of carbon in plant tissue should also be
23 accounted for, particularly for the short-rotation coppice crops that accumulate carbon
24 for at least three years before returning it to the atmosphere (Brandao, Submitted).
25
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Abstract: An integrated environmental and economic assessment of land use for food, 
energy and timber in the UK has been performed using environmental Life Cycle 
Assessment (LCA) and economic Life Cycle Costing (LCC), to explore complementary 
sustainability aspects of alternative land uses. The environmental assessment ineludes 
impacts on climate change, ecosystem services and biodiversity, all of which include soil 
carbon emissions. The systems explored include all processes fi-om cradle to farm ‘gate’. 
The crops assessed were wheat and oilseed rape (under both organic and conventional 
farming systems), Scots Pine, and willow and Miscanthus. Food crops, particularly 
conventional food crops, are shown to have the highest climate-changing emissions per ha, 
whereas energy and forestry crops show negative net emissions. To a lesser extent, the 
same situation applies to impacts on ecosystems and biodiversity, with carbon storage in 
biomass playing a larger role than carbon in soils. The energy and forestry crops in this 
study show an overall beneficial environmental impact, in particular due to soil carbon 
sequestration, making these land uses the lowest contributors to climate change. 
Combining this with the non-renewable CO2 emissions displaced will mean that energy 
crops have an even lower impact. Economically, conventional food crops present the 
highest costs per ha, followed by organic food crops, energy and forestry crops. Integrating 
the results from LCA and LCC shows that the climate impacts per monetary unit of all land
Sustainability 2010, 2  3748
uses are dominated by soil management and, in the case of food production, also by 
fertilisation. Taxes or incentives such as “carbon charging” will encourage changes in 
practice in these areas to improve the sustainability of land management, mainly by 
building up Soil Organic Carbon (SOC).
Keywords: life cycle assessment (LCA); life cycle costing (LCC); land use; agriculture; 
silviculture; energy Crops; bioenergy
1. Introduction
Throughout human history, land use has become progressively more intensive in order to support 
the demands of an extraordinary human population growth, particularly since the industrial revolution 
when fossil energy resources replaced their bio-based counterparts. Increases in the productivity of 
land have even led to a view, almost certainly transient, that land availability is not a constraint on 
human activities, a view encouraged by general improvements in technology which have resulted in 
increased production per unit of land. However, high growth rates of the human population emphasise 
that land is a finite resource with a limited carrying capacity, a potential problem first artieulated by 
Thomas Malthus [1]. Global average yield increases for the three most important staple food crops 
(wheat, rice and maize) increased between 1961 and 2008, despite some inter-annual fluctuations (see 
Figure 1), but yield growth rates now seem to be declining, indicating the possibility of a “peak” in the 
near future at which the maximum rate of global food crop production will be reached and after which 
it may decline (see Figure 2).
There is a tension between the Malthusian view and the "comucopian" view [2-4], exemplified by 
many optimistic biofiiel studies [5], that the growth in productivity illustrated by Figure 1 and Figure 2 
:an provide sufficient food and fuel. This view seems to be unfounded, since positive yield growth 
rates cannot be sustained indefinitely by technological progress. In addition, all the best land is already 
Linder production and, therefore, it is perfectly arguable that marginal yields will be lower than 
current yields.
Alternative or complementary views about “environmental factors and security” include 
Neomalthusianism (resource scarcity leads to conflict). Political Ecology (the issue of security lies in 
he distribution of resources), Cornucopianism (there is no inherent resource scarcity). Institutionalism 
cooperation overcomes scarcity). Resource Curse (resource abundance is the problem).
Sustainability 2010, 2
Figure 1. Global average yield of maize, rice and wheat between 1961 and 2008 [6 ].
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Figure 2. Cereal yield growth rates (Note: Data represent the average annual percentage 
increase in yield between successive rolling five-year periods (e.g., data for 1970 refer to 
the increase in average yield comparing 1966-70 with 1961-65) [6 ].
4.0% 
3.5% 
I  3.0% 
>  2.5% 
~  2 .0%  
i* 1.5% 
g  1.0% 
0.5% 
0 .0%
 Maize
 Rice, paddy
 Wheat
Year
In addition to the demand for food to feed an increasing human population, land is increasingly 
■equired to provide other materials and energy. A multitude of underlying and interrelated 
factors—such as demographic growth and affluence, and the overall increase in supply made possible 
3y yield increases—contribute to the general increase in the quantity of land products demanded, 
exemplified by increasing consumption of meat and dairy produce in China and India. Conversely, in 
•ecent years, supply shortages have led to an increase in food commodity prices. Shortages of food 
supply have partly been created by increased demand for biofuels, as land that is used for energy will 
lot be available for food production. Competition for land between food and energy crops is therefore 
I serious issue because it might decrease the potential for food production but, most importantly, it 
vill raise the price of food. In fact, the price of food is arguably a more determinant factor of food 
security than food availability per se. A policy research working paper for the World Bank [7] 
concluded that the most important factor behind the rapid rise in food prices was the large increase in 
liofuel production in the US and the EU. The production of first generation biofuels ought to be 
juestioned due to its potential negative effect on food security—a basic human need.
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Concerns over global climate change, decreased provision of ecosystem services and biodiversity 
loss have led to interest in using land in ways that mitigate these threats (e.g., forests, biofuels and 
bioenergy), particularly in using various forms of bioenergy to displace fossil fuels or to 
sequester carbon.
Superficial examination suggests that biomaterials and bioenergy should be associated with lower 
emissions of GHGs than their fossil counterparts, since they form part of the renewable carbon cycle: 
the CO2 released on combustion or disposal was originally removed from the atmosphere by the 
growing plants. However, such a superficial analysis can be misleading, especially for transport 
biofuels [8 ]: it is necessary to examine the complete life cycle of the bioproduct. When this is done, 
not all bioproducts show improved environmental performance [9-11].
Although the primary source of rising atmospheric CO2 is the use of fossil fuels, historical land use 
and land-use changes (LULUC) which release carbon from terrestrial ecosystems as CO2 have 
contributed more than one-third of the increase in atmospheric concentration of carbon dioxide, the 
principal Greenhouse Gas (GHG) [12]. Because the global terrestrial stock of carbon in both 
v e^getation and soils represents three times as much as the atmospheric stock [13], those land uses and 
management practices that influence carbon and other GHG flows are of potentially high importance 
in climate-change mitigation strategies. Righelato and Spracklen [14] have gone so far as to suggest 
that “the carbon sequestered by restoring forests is greater than the emissions avoided by the use of the 
liquid biofuels" due to the C sequestered in the soil and in above-ground biomass, and therefore argue 
for reforestation and forest maintenance. It is clear that, in contrast to annual crops, perennial cropping 
systems tend to accumulate Soil Organic Carbon (SOC) and some energy crops, such as Short Rotation 
Coppice (SRC) willow, can also serve for remediation of contaminated soil [15,16].
Furthermore, indirect effects can be highly significant in the life cycles of biofuels. In addition to 
;he food vs. fuel dilemma, unintended consequences arising from indirect land-use changes (iLUC) 
provide a further argument against the adoption of these fuels. This phenomenon refers to the potential 
release of additional carbon emissions due to land-use changes around the world induced by the 
expansion of croplands for biofuel production in response to increased global demand. As farmers 
vorldwide respond to higher crop prices, pristine and set-side lands are converted to new cropland to 
eplace the feed and food previously grown on land now elsewhere to biofuels production [17-22]. 
Fhese lands may have a high density of carbon bound in soils and vegetation which, upon conversion, 
s released to the atmosphere. Consequently, the “carbon debt” [23] of biofuels may be very high and, 
n some cases, their carbon payback time may be as high as 2,000 years [19,21,24]. The original policy 
argets [25] of the European Commission on the use of biofuels may have to be revised following the 
concern expressed by one of its Directorates-General, the Joint Research Centre, that the effects of 
LUC may negate any GHG savings from replacing fossil fuels with biofuels [17].
In addition to carbon, the release of nitrous oxide (N2O), mainly due to fertiliser use, is a major 
;oncem [26,27] due to the high potency of this GHG, whose Greenhouse Warming Potential (GWP) 
s 298 times that of CO2 on a 1 0 0 -year timeframe [28].
The high variability in the impacts of bioenergy has led to the development of standards for 
lustainable bioenergy ([29]). The potential GHG savings from bioenergy and biofuels are not clear and 
a^ry widely according to:
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■ the system delimitation in which the reference systems for land and non-renewable fuels are 
displaced [18,30,31],
■ the crop/feedstock chosen and how it is used (power, heat, CHP, or ethanol and biodiesel for 
transport), and
■ the amount of agrochemicals used [26].
Despite current well-deserved attention to climate change, it is equally important to acknowledge 
impacts on ecosystems, which are at the base of all bioproducts and many important processes. Indeed, 
the biological productivity of land-based {i.e., terrestrial) ecosystems is just one of several “services” 
upon which human existence and welfare depend. The Millennium Ecosystem Assessment [32] 
identified a range of services provided by ecosystems: “food, water, timber, and fibre; regulating 
services that affect climate, floods, disease, wastes, and water quality; cultural services that provide 
recreational, aesthetic, and spiritual benefits; and supporting services such as soil formation, 
photosynthesis, and nutrient cycling”. Pressure on ecosystems through changes in land cover and use 
has led to a decrease in the number and size of habitats for non-human species, but also to a decrease 
in soil quality. Land use is recognized as the main driver of soil degradation, although soil quality may 
also be enhanced depending on land management practices. Intensive land use has resulted in 
biodiversity loss and in an impairment of the ability of ecosystems to function {i.e., to support 
biodiversity and to provide the above services)—which has led in some cases to desertification [33]. 
This is a major concern due to the decreasing amount of fertile land per person [34,35]. SOC content is 
a key component of soil quality, determining several ecosystem services [15,32], and its loss is a major 
cause of soil degradation [36-39]. However, degradation of soil carbon has not been properly and 
consistently addressed in the environmental assessment of land-use activities, in particular agriculture 
and forestry.
In view of the competing demands on multifunctional land—a limited and scarce resource—to feed 
people adequately, sustain biodiversity and ecosystem services and mitigate climate change, there is a 
clear need for a systematic basis for allocating land use with respect to economic and environmental 
objectives. The purpose of this paper is to set out an integrated environmental and economic 
sustainability assessment, covering the gaps identified above, for comparison of different land-use 
systems. LCA is used for the environmental assessment, concentrating here on GHG balances as the 
contribution to global climate change with special emphasis given to establishing a life-cycle approach 
to assessing land-use impacts on ecosystems. A parallel economic assessment is integrated with LCA, 
also using a life cycle perspective that covers all activities in the supply chain up to the farm gate. This 
work contributes to the development of an integrated environmental and economic sustainability 
assessment method to explore sustainability impacts of alternative forms of using land.
2. Methods
This study forms part of a larger consequential assessment and comparison of the sustainability 
impacts associated with different land-use systems for food, forestry and energy production in the 
UK [40]. It uses a combination of LCA and LCC. In this paper, an attributional approach is followed.
LCA is a systems analysis tool that provides information on the full environmental effects of a 
product, service or system from its cradle (extraction of raw materials) to its grave (waste
Sustainability 2010, 2 3752
management). It gathers information on all the inputs to and outputs from a product system including 
releases to the environment, and assesses the potential environmental impacts associated with these 
inputs and outputs [41-46].
The particular method for accounting for the impacts on ecosystem services and biodiversity is 
described in the section 2.7. Impact Assessment.
LCC is a complementary tool which provides an economic analysis of the operations making up the 
supply chain providing a product or service, concentrating on the economic cost at each stage. There 
ire three types of LCC: conventional, environmental and societal [47], the latter two including a 
varying degree of the different types of externalities. Conventional cradle-to-gate LCC was applied 
lere and includes the assessment of all costs associated with the life cycle of the crops specific to each 
and use that are directly covered by the land manager {i.e., farmer or forester). The exposition here 
follows the steps in LCA identified in the relevant international standard [48], with the corresponding 
>teps in LCC introduced in parallel.
The relationship between environmental impact and economic value or cost, quantified by ratios 
ermed ecometrics [49], can be used to identify products or processes associated with environmental 
mpacts disproportionate to their economic cost and therefore to be targeted for environmental 
mprovement [50]. Applying the principle of Environmental Justice which is a concern for 
îustainability [51], disproportionate environmental impact in part of a supply chain—usually primary 
)roduction [52]—indicates lack of equity and therefore unsustainability in the supply chain [53], 
)ecause an operator is either suffering local environmental damage without economic compensation or 
causing impacts, such as climate change, affecting others without compensating for the “externalities”. 
The Fair Trade movement [54] is one of the most conspicuous attempts to improve sustainability by 
ichieving more equitable distribution of benefits and impacts along supply chains. This approach is 
ipplied here by integrating the results of LCA and LCC. However, the focus on land use limits the 
issessment to the first part of the supply chain, i.e., up to the farm gate. The analysis, therefore, will 
lot indicate inequality in terms of the distribution of value along the supply chain, but rather the 
elationship between the environmental impacts and economic costs of management practices 
e.g., soil management, fertilisation, harvesting and storage) for each land use.
\1. Goal and Scope
The focus of this study is the environmental and economic impact of the cultivation of food, energy 
nd forestry crops, to inform policies on land use to produce food and energy crops. The scope covers 
he ‘cradle-to-gate’ part of the supply chain, from extraction of raw materials, through agricultural 
ctivities and cultivation, to harvesting and preparing the crop for transport from the “farm gate” in an 
attributional” approach. The overall aim is to compare different options for using and managing 
gricultural land. The specific objectives are:
■ To characterize, compare and contrast, environmentally and economically, the main supply 
chains of the products arising from land use for biotic production of food, energy and timber 
in the UK;
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■ To determine which life cycle stages of the different products contribute most to overall 
GHG emissions from each system, and to the impacts on the provision of ecosystem 
services and on biodiversity.
■ To compare the environmental and economic performance of different product systems and 
investigate the relationship between them as a guide to sustainability.
Given the aim and objectives, the basis for comparison (known as the functional unit in LCA) is 
me hectare of land for one year, rather than the more common basis of a unit of product. The focus is 
)n the foreground agricultural activities, including drying and storage, although production and use of 
iertilisers and pesticides are included. The activities covered comprise: soil management, fertilisation, 
veed, pest and disease management, harvesting, storage and drying. The inputs considered include 
igrochemicals, cuttings/setts, liquid fuels, lubricating oil and machinery/spares plus softwood, 
cuttings, steel and preservatives used for fencing (see Figure 3). The systems described are averages to 
epresent typical UK practice, e.g., crop yield, rate of agrochemical input use, electricity grid mix, 
)ther inputs and outputs, and management practices. The LCC assessment is focused on real, internal 
:osts without end-of life or use costs as these are home by others {i.e., non-land managers) in the post 
arm-gate stages of the life cycle of the land-use products. The perspective is, therefore, that of one 
narket actor: the producer. Economic returns to the farmer are excluded from the analysis because 
hey do not relate to particular stages of the cradle-to-gate analysis, although this consideration is of 
dtal importance in decision-making regarding land use.
Figure 3. Flow Chart for the Production of Land-use products from 1 ha of land.
Propagation materiaf^
Preservative
Agrochemicals
Steel 
Softwood 
Diesel fuel 
Motor spirit
Lubricating oil 
Diesel fuel 
Macmnery/spares
r SOIL MANAGEMENT
Fuel oil 
Electrieity >
PLANTING AND ESTABLISHMENT, 
REGENERATION
FERTILISATION
WEED, PEST AND DISEASE 
MANAGEMENT
HARVESTING
DRYING AND STORAGE
\ f
Land-use Products
.2. Systems Description
Three different land uses have been considered: food, energy and timber, chosen as representing 
Lther current UK crops or crops which are currently promoted, such as biomass energy crops. These
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are represented by five crops: wheat {Triticum aestivum), oilseed rape {Brassica napus), Miscanthus 
[Miscanthus x giganteus), willow short-rotation coppice (Salix viminalis) and Scots Pine 
[Pinus sylvestris). Food crops are further represented by both organic and non-organic 
[or conventional) management regimes. No allocation of environmental burdens between co-products 
[grain and straw; sawlogs, roundwood and forest residues) is needed because it is the land use, not the 
aroducts, that is being assessed.
The total land under agricultural cultivation in the UK is 18.8 Mha [55], representing 77% of total 
and area, the rest being divided roughly equally between forests and urban areas. Land use for food is 
epresented by two crops under two management systems: conventional and organic wheat and oilseed 
ape, although it is recognized that these crops may also be used for liquid biofuel production (and, 
lence, would be consider under an energy land use). According to the Forestry Commission [56], 
'orestry occupies 2.8 Mha in the UK; Scots Pine is considered here as a popular forestry crop. Willow 
mder a short-rotation coppice (SRC) regime and Miscanthus are adopted as these energy crops are 
luitable for UK conditions. Their current proportion of agricultural land use is insignificant (<0.01%) 
)ut will grow substantially if the market for energy crops develops [18].
13. Land Use for Food: Wheat and Oilseed Rape
Food cropland accounts for one-third of the total agricultural area [55]. The most widely-produced 
rop in the UK is wheat {Triticum aestivum), accounting for some 1.8 Mha (-10% of agricultural land) 
epresenting 40% of arable land and 58% of cereal land [55] of which 99% is dedicated to 
onventional production [57]. In terms of land use, oilseed rape follows wheat and barley (which is 
lainly used for feed), occupying 0.6 Mha. Therefore, the representative food crops considered are 
/heat and oilseed rape, under both conventional and organic [58] types of management in order to 
sflect different levels of intensity of production. Extensive wheat production is based on 
rganic wheat.
Organic crop production is an alternative to conventional fossil-resource reliant intensive 
reduction, focused mainly on the production stage of the chain. Organic, or ecological, farming 
iffers from conventional farming in the production stage of the supply chain by having higher 
nvironmental and animal welfare standards, and specifically by using rotations, leys and green 
lanures to achieve nutrient self sufficiency at farm-level. In spite of its higher use of farm machinery 
)r weed control (which releases carbon dioxide to the atmosphere), organic farming relies on organic 
latter inputs (such as straw, manure and compost) to maintain soil fertility, and thereby both increases 
)il organic carbon levels and avoids the GHG emission associated with production and use of 
grochemicals, mainly nitrogen fertiliser.
The life-cycle environmental impacts may be less intensive than their conventional counterparts per 
ait of land area. However, per unit of output e.g., metric tonne, the difference may be reversed as 
lose same input restrictions for organically-managed land often result in lower yields [59], thus 
quiring more land to produce the same amount of products (which are typically more expensive than 
leir conventional counterparts).
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Despite aiming at increasing the sustainability of food systems, the lower intensity of an organic 
system results in lower yields and therefore lower land-efficiency. The relatively low environmental 
impacts (from not using synthetic fertilisers) may, thus, be offset by lower yields [57].
Oilseed Rape (GSR) is chosen because of its popularity in UK as a non-cereal arable crop, using 
some 13% of arable land (and 95% of oilseeds land) in the UK [55]. GSR is an annual crop, farmed 
irimarily for its vegetable oils, used in human food. However, GSR is becoming increasingly popular 
br production of biodiesel due to its high oil content. The proportion of land devoted to organic 
)roduction is slight, at 0 .0 2 %.
The assumed yields and inputs of wheat and GSR are shown in Table 1. Here, organic production of 
vheat and GSR is some 42% and 47% lower, respectively, due to much lower fertiliser inputs.
Table 1. Selected input data for UK oilseed rape for food (extrapolated from [57]).
Conventional Organic
Wheat Oilseed Rape Wheat Oilseed Rape
îrain yield (t ha“  ^yr~ )^ 7.68 3.20 4.12 1.71
I fertilisation (kg N ha"^  yr“ )^ 219 204 10.5 10.5
lain source o f N Ammonium Nitrate Compost
fertilisation (kg P ha“  ^yr“ )^ 20.7 16.9 13.4 9.6
lain source o f P Triple Superphosphate Roc c Phosphate
1 fertilisation (kg K ha“  ^yr~ )^ 39.1 25.6 45.2 12.6
!a fertilisation (kg Ca ha'* yr“*) 96.6 241.2 70.4 171.6
hesel fuel in field operations (litres ha'* yr'*) 228.2 216.9 136.0 187.1
uel for drying and storage (MJ ha'* yr'*)* 973 473 522 254
* MJ refers to the total primary energy used.
.4. Land Use for Energy: Miscanthus and Willow SRC
The ligno-cellulosic crops considered Miscanthus and willow under a short-rotation coppice (SRC) 
;gime, as these are the most relevant for UK conditions. Miscanthus and Willow SRC are the most 
Dpular biomass crops in the UK due to their high biomass yield and their attractive GHG balance 
8 ]. Energy crops occupied 13.22 thousand hectares of agricultural land in 2007, of which 9.8 
lousand ha (or 67% of the total area dedicated to biomass crops) were occupied by Miscanthus [60]. 
heir current proportion of agricultural land use is relatively insignificant (<0 .1  %) but would grow 
ibstantially if recommendations by the Royal Commission on Environmental Pollution [61,62] are 
illowed and the market for energy crops develops [18].
Growing these biomass crops results in no crop co-products since all the biomass harvested is used 
r electricity and/or heat production. Table 2 shows the input data for the production of Miscanthus 
lies and wood chip from willow SRC.
Miscanthus, also known as elephant grass, is a C4 perennial energy and fibre crop. Alternative uses 
elude animal bedding, paper making, biopolymer manufacture, and biodegradable products 
oduction (e.g., flowerpots). Miscanthus is indigenous to Africa and Asia but is now grown 
•mmercially in the UK [61,63-66]. Miscanthus is propagated vegetatively from rhizomes or by 
icro-propagation, from commercially-available materials which can be planted with existing
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machinery used for more conventional crops. It takes one year for establishment; weed control and 
fertiliser inputs are essential at establishment but not subsequently. It is harvested annually in winter 
Dy cutting and baling into Heston bales containing 500-600 kg, and stored outside until dispatch to the 
md user. Miscanthus is a low-input energy crop but yields a commercial output more rapidly and is 
herefore associated with lower barriers to introduction. It typically has a useful cropping cycle 
)f 15-20 years, yielding up to 20 oven-dry tones [67] per hectare and year (odt ha~^  yr“ )^ after a 
maturing period of two to three years [68,69]. However, improved cultivation practices and cultivars 
;an give higher yield or enable lower quality land to be used [70,71].
Table 2. Selected input data for UK biomass for ftiel from Miscanthus and Willow
SRC [72,73].
Input Miscanthus Willow SRC
Net yield at traded moisture content (t ha'* yr'*) 18 14
Traded moisture content (%) 30 50
Yield o f biomass (odt ha'* yr'*) 12.6 7
N fertiliser (kg N  ha'* yr'*) 5.26 0
Type o f N  fertiliser Ammonium Nitrate N/A
P fertiliser (kg P ha'* yr'*) 4.82 0
Type o f P fertiliser Phosphate N/A
K fertiliser (kg K ha'* yr'*) 5.07 0
Lime (kg C ha'* yr'*) 157.89 0
Diesel fuel consumption in cultivation (MJ ha * yr'*) 477 440
Diesel fuel consumption in harvesting (MJ ha * yr'*) 1,158 308
Diesel fuel consumption in handling (MJ ha'* yr'*) 847 39
The analysis here is based on the assumption of an effective annual yield of 12.6 odt ha~^  yr"^  
ver 15 years following establishment (18.0 t ha~^  yr~^  at 30% moisture content) allowing for 10% 
Dsses during harvest and baling [74], 3% losses in transport, 15% in diying and storage and 3% during 
le last transport stage to the plant [68,69,72,73,75]. Data on yield, inputs, outputs, and carbon 
squestration have been obtained from the literature [72,73,76-81].
Short-rotation coppice (SRC)—as opposed to the traditional Tong-rotation’ forestry management—  
îfers to the practice of managing plantations of fast-growing perennial woody crops, such as Willow, 
1 order to maximise its biomass productivity and harvest potential for energy purposes. Coppicing 
ivolves the regular harvest of wood from the same tree or shrub. When harvested, chipped and dried, 
can be used as a fuel for heat and power generation. There are, currently, around 3,420 ha of SRC in 
le UK [60,82].
Like Miscanthus, willow is propagated vegetatively using commercially-available cuttings. Pest and 
eed control are essential in the first two years. After two years to establish growth, the crop is 
irvested every three years. The productive period of willow is 15 to 30 years [66,72]. The annualised 
/erage yield of current cultivars is typically around 10 odt ha~^  yr~^  [72], but yields are rising with the 
troduction of improved strains and can be in excess of 20 odt ha~^  yr~^  (Forest Research, [83]). 
23-year rotation averaging 7 odt ha~^  yr~^  is assumed here, although rotations can last for 30 years, 
iomass yields for the whole rotation are therefore assumed to be 161 odt ha"\
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There are different harvesting techniques: combined harvesting and baling, and stick harvesting and 
baling. The latter was assumed here as it is common practice in the UK [72]. The harvested crop is 
commonly stored on-farm as billets. It can then be chipped or processed into granules [84].
Wood chips are combusted for the production of power, heat or CHP.
2.5. Land Use for Timber: Scots Pine
Commercial forestry and forests are a major land-use in the UK, occupying 2,841 ha (12.5% of 
total) [56]. Scots Pine is considered here as a popular forestry crop in the UK.
Typical forestry practice in the UK is represented in this work by production of Scots Pine, based 
on Elsayed [72]. A 63-year rotation is assumed here. According to the BSORT model [85], the total 
harvest is based on yield class 8 (i.e., 8 m^  ha~^  yr~^  stem volume production over the rotation), 
resulting in a total yield of 97 odt ha~^  of sawlogs, 75 odt ha”  ^ of roundwood, 63 odt ha”  ^ of roots, 
15 odt ha~^  of branches, 20 odt ha”  ^ of foliage, 12 odt ha”  ^ of stem tips, and 5 odt ha~^  of stump, over 
the course of the rotation [85], as shown in Figure 4.
Figure 4. Total biomass production from a 63-year Scots pine rotation [85].
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?. 6. Inventory Analysis
Inventory Analysis refers to the process of compiling quantitative data on the inputs to and 
emissions from the supply chain under study. The activities covered comprise: soil management, 
'ertilisation, weed, pest and disease management, harvesting, storage and drying. The inputs 
considered include agrochemicals, cuttings/setts, liquid fuels, lubricating oil and machinery/spares plus 
loftwood, cuttings, steel and preservatives used for fencing (see Figure 3).
UK-specific technical, economic and environmental data based on common practice in the field in 
he UK have been used, which were collated from various studies [64,66,72,86]. Generic LCA data 
ised for various operations include fuel and electricity (UK generating mix). Nutrient-related 
emissions from soil (N2O; CH4) have been obtained from literature values [72]. Effects of land 
nanagement on SOC were estimated from Smith et al. [87], Smith et al. [8 8 ] Grogan and Matthews 
89,90], Arrouays et al. [91], Guo and Gifford [92], Bradley et al. [93], Dawson and Smith [76] and 
he final values adopted are shown in Table 3. All C captured as SOC is assumed to come from 
tmospheric CO2 through photosynthesis, with all SOC degraded emitted to atmosphere as CO2 .
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For LCC, the equivalent data refer to economic values. In this work, they were obtained from the 
Farm Management Pocketbook [6 6 ].
2.7. Impact Assessment
Conventionally, the next phase in LCA, termed Life Cycle Impact Assessment (LCIA), is to 
classify the inputs and emissions to express their significance in terms of contributions to a recognized 
set of environmental impact categories. As explained in the Introduction, two impact categories were 
selected for specific attention: climate change and provision of ecosystem services and biodiversity. 
Contributions to climate change were estimated using IPCC’s Global Warming Potential (GWP) 
nethod [28] but extended to include carbon released by loss of SOC. The impact on ecosystem 
services and biodiversity has been accounted for using the concept of Ecosystem Carbon Stock (ECS). 
Fhese developments are explained below.
Table 3. Carbon stocks and flows in different land uses in UK (cold temperate, wet) in soil 
and biomass (extrapolated from [76,77,94,95]).
Average carbon stocks 
(t C ha'i)
Average carbon flows 
(tC ha-^ yr-i)
Land-use type Soil Biomass Soil Biomass
Native Ecosystem (Temperate Forest) 95.0 123.4 0.300 5.6
Conventional Wheat 65.6 3.0 -0.400 6.0
Organic Wheat 77.4 2.0 0.250 4.0
Conventional GSR 65.6 1.7 -0.400 3.3
Organic OSR 77.4 1.3 0.250 2.5
Miscanthus 83.2 16.6 0.620 7.5
Willow SRC 79.5 15.2 0.136 4.2
Scots Pine 95.0 95.5 0.320 5.0
^Negative value indicates C-emission to atmosphere.
For the climate change impact—measured with GWP—it is assumed that all SOC released is 
converted to CO2. 1 kg C stored in soil (a positive value in Table 3) is equivalent to the GWP 
) f -3.67 kg C0 2 -eq. (based on the conversion of 44 kg CO2/I2  kg C), whereas 1 kg C released to the 
itmosphere from SOC degradation has a GWP of 3.67 kg C0 2 -eq. The results will refer to total net 
jHG emissions over one year from the different cultivation systems. However, important 
considerations for carbon footprinting that are not accounted for here include the progressive and 
cumulative build-up of carbon, primarily in the soil, and the length of its storage [96-101]. In addition 
o long-term carbon sequestration, even delayed release of carbon as GHGs reduces the contribution to 
jreenhouse Warming Potential over the conventional 100-year accounting period [101-105]. Allowing 
or this delayed release would further improve the net GHG of those activities which increase carbon 
n biomass and soils; i.e., energy crops and forestry.
The indicator for impact on ecosystem services and biodiversity is based on an extension of the 
concept of impact on soil quality through changes in SOC as defined by Mila i Canals et al. [35]. The 
mpacts of production systems on the ability of ecosystems to provide services and support 
biodiversity have not traditionally been included in LCA, or indeed in environmental assessments in
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general. Many ecosystem services are dependent on the ability of the soil to function ecologically 
[i.e., soil quality), which in turn is correlated with the amount of organic matter present [106]. Soil 
organic matter is measured as density of SOC. Biomass is also important as it harbours and feeds 
biodiversity, in addition to protecting the soil. In particular, above-ground biodiversity depends on 
biomass for both food and shelter, while below-ground biodiversity is intrinsically linked with SOC 
content [107,108]. The relationship and overlap between carbon stocks and biodiversity is explored by 
Strassburg [109], who found a strong association between carbon stocks and species richness. They 
calculated the Spearman’s rank (rs) correlation coefficients for the relationship between carbon and 
several biodiversity indices. The resulting rs = 0.82 suggests a strong correlation.
The magnitude of the change in carbon stock levels in both biomass and soil organic matter is 
therefore proposed as a proxy indicator for impacts on ecosystem services and biodiversity within 
LCA of land-use systems: an increase in the carbon stock due to the land management practices 
implies a benefit, whereas any decrease is accounted as a damage to the system. The total of SOC and 
carhon in biomass is termed Ecosystem Carbon Stock (ECS). The impact on ecosystem services and 
biodiversity is measured as a carbon deficit (or credit, expressed by negative values) with the unit‘t C 
year’, referring to the extra amount of carbon temporarily present or absent from land due to the 
system studied, when compared to a reference system. The reference system is the potential land cover 
which, in this case, is assumed to be the natural cover for the UK (i.e., temperate forest). This indicator 
includes the carbon foregone as a result of removal of land cover through land-use change, regardless 
of the length of time into the past it actually happened.
The general formula used to calculate characterization factors (CF) for the different crops is shown 
in Equation 1; see Figure 5 for an illustration of the formula’s parameters.
^  j  \  ^  ,  -1 -11 i^relax ~  L  )  +  ^  ^  ~  fm  )C deficit \tC yrha y r  J = -------------------------------------- ?-----
\  fin h n i)
Here ECSpot is the potential level of ECS if land is left undisturbed (as temperate forest); ECSmi is 
the ECS level at the start of the land use studied; ECSfm is the ECS level at the end of the cultivation 
period; tw is the moment when the studied land use starts; at tfm the land use finishes; at treiax, the 
carbon stock has reverted to the level prior to land use; and treiax,pot is the time when the system reaches 
its potential level, treiax may be calculated from the relaxation rate R (see below). The equation assumes 
very simplified evolution of provision of ecosystem services and biodiversity. The first component of 
the numerator refers to the impacts due to the postponed relaxation of the system (blue area in 
Figure 5), whereas the second component is the “triangle” in red, referring to the impacts due to the 
change in provision of ecosystem services and biodiversity during the occupation. The denominator 
serves to express the characterization factors per ha-yr (all the ECS values are expressed per ha).
The following assumptions have been made:
■ As justified above, the magnitude of the difference between the actual and the potential 
amounts of carbon in both biomass and soil is proportional to the impairment of the ability 
of ecosystems to provide services and to the impact on biodiversity, since these are directly 
and indirectly affected by the presence of carbon in biomass and soils.
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■ There is no change in the ability of land to provide ecosystem services and to support 
biodiversity in the reference system.
■ The potential levels of carbon in soil and vegetation for UK is 96 and 57 t C ha”  ^ (temperate 
forest) [110]
■ Changes in ECS due to land use have been assessed relative to a situation where this activity 
is not undertaken. The relaxation rate (R) has been estimated as 0.45 t C ha^ yr  ^ for soil 
carbon ([91], pp. 160, 171] and 3.201C ha~^  yr”  ^ for biomass carbon [110].
Figure 5. Calculation of impacts on ecosystem services and biodiversity measured by ECS, 
adapted from [111].
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3. Results and Discussion
3.1. Environmental Profile
Global Warming
Figure 6 shows total GHG emissions over one year from the different cultivation systems, including 
releases due to loss of soil carbon, distinguishing between the different life cycle stages. Emissions are 
clearly dominated by changes in SOC due to soil cultivation and by fertiliser use, primarily due to field 
emissions of greenhouse gases, mainly N2O from soil, with additional emissions of CO2 and N2O from 
fertiliser production. For Miscanthus, willow SRC and forestry, SOC sequestration more than 
compensates for the emissions (see Table 3).
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Figure 6. Total GHG emissions arising from different land management strategies, 
including release of CO2 from land (soil management phase).
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.2. Ecosystem Services and Biodiversity
The effect of the different land-uses on ecosystem services and biodiversity is shown in Figure 7, 
/hich is based on the differences between average carbon stocks of the different land uses and that of 
le reference undisturbed ecosystem (see Table 3).
Figure 7. Land use impacts on ecosystem services and biodiversity at the cropping 
stage—C deficit (t C yr ha~^  yr^ )^.
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Figure 7 shows that the food crops have a relatively high impact, in particular due to the 
)propriation of biomass that would have covered the land had it been left to “relax”, i.e., the land 
)ver is restored by spontaneous plant succession in the absence of human intervention. This reference 
nd cover is appropriate for an attributional approach comparing different options in relation to land 
)t devoted to human use. Alternatively, in a consequential approach to assess the results of increased 
op production, an appropriate reference land use would be that displaced by production of the crop 
ider study.
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Organic arable crops show a slightly lower net impact because they maintain higher levels of SOC, 
:ounter-balancing their slightly lower biomass production. Energy and, particularly, forestry crops 
>how the lowest impact on ecosystem services and biodiversity due to the relatively high amount of 
:arbon they accumulate in both biomass and soil.
3.3. Integration o f Economic and Environmental Profiles
Table 4 and Figure 8 show the economic costs of the land management activities. For food crops, 
:osts are dominated by post-harvest processing—storage, drying and cooling—and, particularly in 
conventional cereal production, weed, pest and disease management. Other land uses present 
ower costs.
Table 4. Economic costs of land uses (collated from [59,66,112]).
W heat
(con)
W heat
(org)
OSR
(con)
OSR
(org)
M iscanthus
W illow
SRC
Scots
Pine
soil management 86.5 97.9 83.3 92.2 23.5 2.4 8.6
Planting and establishment 43.0 85.0 30.0 60.0 100.0 51.7 14.4
fertilization 113.5 62.5 124.6 71.9 8.1 0.0 2.7
iVeed, pest and disease 
nanagement
186.2 0.0 175.7 0.0 1.6 68.8 35.4
iarvesting 82.5 82.5 74.4 82.0 19.5 100.0 5.2
horage, drying and cooling 333.9 179.2 143.3 76.9 2.4 0.0 0.0
Total 845.7 507.1 631.3 382.9 155.0 222.9 66.3
Figure 8. Total costs arising from different land management strategies.
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Figure 9 to Figure 13 show the relationship between GWP and economic cost of the land-use 
management activities. This form of plot provides a visualization of the relationship between LCC and 
.CA results: a high gradient on any activity of the curve shows that the environmental impact for that 
lart of the supply chain is disproportionately large compared to its economic significance [50].
Figure 9 and Figure 11, referring to the two conventional food crops, show the kind of shape 
ommonly encountered: the early stages in the supply chain—soil management and fertilization in
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;hese cases—are associated with disproportionately high GHG emissions, whereas the emissions from 
he other stages in the supply chain show comparable emissions per economic cost. Therefore soil 
^reparation and fertilization are the operations to be targeted for environmental improvement, for 
example non-tillage preparation to reduce emissions from soil carbon and use of fertilisers whose 
production is associated with much lower GHG emissions (e.g., by applying carbon capture and 
storage to fertiliser production). Put differently, introduction of significant emission taxes will impact 
lisproportionately on these operations. By contrast, the overall GHG emissions for organic food 
production (Figure 10 and Figure 12) are much lower, mainly because soil management in these 
systems sequesters carbon rather than releasing it, at the expense of slightly higher costs. Thus high 
axes for GHGs could change the economics to favour organic production, even though fertilization is 
ilso a dominant source of GHG emissions even for organic production, although to a lesser extent.
With the current cost structures, different stages dominate the economies for the different crops. 
Need, pest and disease management, stage 4, represents one of the main costs for conventional wheat 
ind oilseed rape, as well as for Willow SRC and Scots Pine, all with relatively low impact in terms of 
jWP. Storage, drying and cooling also presents one of the larger costs for the food erops, again with a 
elatively small impact in terms of GWP.
1 - Soil management
2 - Planting and establishment
3 - Fertilisation
4 - Weed, pest and disease management
5 - Harvesting
6 - Storage, drying and cooling
Figure 9. Conventional Wheat.
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Figure 10. Organic Wheat.
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Figure 11. Conventional Oilseed Rape.
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Figure 12. Organic Oilseed Rape.
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Figure 13. Miscanthus.
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Figure 14. Willow Short-Rotation Coppice.
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Figure 15. Scots Pine Forest.
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Overall, other than fertilization of conventional food crops, soil management has the greatest 
nfluence over positive or negative GHG emissions although the economic significance of this part of 
overall cultivation is relatively small. Harvesting (stage 5) and storage, drying and cooling (stage 6) 
ire associated with the smallest contribution to climate change per unit of economic value. This 
parallels a trend already noted for manufactured goods, where the later processes in the supply 
:hain—assembly and finishing—tend to be associated with high added value but relatively low 
mvironmental impact. However, the steps in the supply chain are all interdependent; thus the curves in 
"igure 9 to Figure 15 show the relationship between them but individual steps cannot be addressed in 
complete isolation. Indeed, the importance of each step in the attainance of high-output marketable 
:rops cannot be underestimated, and neither can the gross margins that the farmers or other 
and-managers get, which is a decisive factor in the allocation of land to alternative crops (see Table 
)). Gross margins refer to the difference between revenues fi*om crop sales and the variable costs 
elated to the activities identified above (e.g., seeds and agrochemicals).
Table 5. Economic gross margins (£) of land uses (collated from [59,66,112]).
Wheat (con) Wheat (org) OSR (con) Miscanthus WiUow SRC Scots Pine
359 505 248 75 115 166
L Conclusions
This study has shown that, for assessing the environmental sustainability of agricultural activities, it 
s useful to extend the impacts considered in Life Cycle Impact Assessment to include changes to both 
ibove- and below-ground carbon as an indicator of impacts on ecosystem services and biodiversity. 
Combining LCA with LCC reveals the relative environmental and economic significance of different 
itages in the cultivation of food and energy crops. Although both environmental and economic factors 
iepend on local conditions and management practices, the differences found between different land 
ises are so large (in the general rather than the statistical sense) that they are revealed by considering 
epresentative cases and may be considered significant.
Despite the small differences, of the seven land uses studied food crops show the biggest impacts on 
ecosystem services and biodiversity (measured in terms of foregone ecosystem carbon) because use of 
and for arable crops causes the greatest reduction in ECS relative to land in an uncultivated state 
see Figure 5). It should also be noted that land use impacts are multi-faceted, including effects on 
;.g., water quantity and quality [35,70,113-115]: ECS does not indicate all possible impacts on 
scosystem services and biodiversity, so that complementary indicators may be required in 
pecific cases.
Changes in SOC and field emissions due to soil management and fertilization dominate the GHG 
missions. It is thus important to consider changes in SOC in LCA studies of land-use products, and 
hallenge the results of those studies not including them. However, it must be noted that estimates of 
Langes in SOC are highly dependent on the input data for the initial SOC level and on the reference 
ystem used for comparison [116]. Furthermore, SOC evolution depends strongly on management 
practices and location so values to be used in analysis must be determined with care and properly 
ustified. In this work, the estimates are all derived fi"om literature values.
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The differences in the magnitudes of the carbon stocks associated with the different land uses is 
îubstantial and worth exploring as an aid to the development of an overall strategy for reducing the 
concentration of greenhouse gases in the atmosphere. It is probable that the economic performance of 
he land uses would be affected if farming were subject economic incentives related to carbon 
emissions and storage (e.g., a carbon levy, sequestration subsidy, emission permits). In particular, the 
)erennial and non-food land uses would benefit fi*om carbon pricing. Even organic farming would be 
elatively compensated as a food land use with lower carbon emissions than its conventional 
counterpart per unit of land area, but the comparison may be reversed when based on equal quantities 
)f product. Energy crops, particularly perennials, are generally associated with lower impacts per unit 
and area than food, but this simple comparison does not allow for the displacement of food production 
o other areas.
Before dedicating land to energy, it is worth exploring the current energy resources that are 
mder-utilized, in particular those related to waste. The optimization of land use and of the use of 
igricultural waste, in particular, needs to be explored more deeply as their interaction is complex and 
he potential to displace other products is crucial but generally not clear. Similarly, alternative land 
ises for energy, such as solar and wind, may well provide a more efficient use of land than the options 
eported in this paper [117], despite their currently prohibitive cost.
The sustainability assessment of land-use activities benefits fi-om an integrated approach, 
:ombining environmental and economic (and, eventually, social [118]) analyses, an example of which 
las been given here showing which stages have an environmental significance disproportionate to their 
economic significance. The land uses analysed here show that cultivation, rather than harvesting and 
ubsequent processing, is associated with disproportionately high GHG emissions, due to field 
missions from fertiliser use and from oxidation of soil carbon. This suggests that modifications to 
arm practices, such as cultivation without tilling, may be the most cost-effective ways to reduce 
nvironmental impacts.
Integrating the results of LCA and LCC reveals the trade-offs between cost and environmental 
mpact which may complicate decision-making for policy. However, it also identifies which activities 
if the cradle-to-gate part of the supply chain should be targeted for environmental improvement, even 
t the expense of increased cost.
Analysis of competition for land between food, energy crops and other uses requires further 
ssessment, using a “consequential” LCA and LCC approach [42] and allowing for the subsequent 
tages of the life cycle (gate-grave). The former will require estimation of land-use changes [40,119]. 
f food consumption is constant, food production displaced by energy crops will be replaced by 
rnports so that any net environmental gain will be reduced. Such displacement effects need to be 
ientified and their environmental consequences included in a holistic assessment of land use for 
nergy and other functions [40] along with the net energy yield associated with the land uses. This net 
nergy yield is needed to estimate the avoided GHG emissions and other impacts from alternative 
nergy sources, since energy crops displace other types of energy, mainly fossil-based.
Overall, this work demonstrates that the analysis of the economic and environmental impacts of 
ifferent land uses is essential for sustainability policy. Given the diversity of impacts involved, it 
îads inevitably to the conclusion that some form of structured political decision process that includes 
multitude of considerations, such as Multi-Criteria Decision Analysis, will be helpfiil.
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Abstract
background, aim, and scope Human use o f land areas leads 
0 impacts on nature in several ways. Within the framework 
)f the UNEP/SBTAC Life Cycle Initiative, it was stated that 
ife cycle assessment (LCA) of land use should assess at 
east the impact on biodiversity, the impact on hiotic 
production, and the impact on the regulating functions of  
he natural environment. This study focuses on the climatic 
mpact o f land use as determined by the CO2 transfers 
letween vegetation/soil and the atmosphere in the course of 
errestrial release and re-storage o f carbon. 
daterials and methods Compared with the potential natu- 
al vegetation as a baseline, areas getting transformed by 
nan (land transformations) as well as areas forced to 
naintain their current non-natural state (land occupations) 
nay store reduced amounts o f carbon in soil and vegeta- 
ion, whereby the mobilized carbon is essentially trans­
erred to the atmosphere in form o f CO2, contributing to 
;lobal warming. The size o f this climatic impact is 
letermined by the amount o f carbon transferred per hectare, 
s well as by the duration of the carbon’s stay in air. 
Generally, we consider this duration as limited by sponta- 
eous reversal o f vegetation and soil toward a quasi-natural
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form as soon as human land use ends. Taking the mean stay 
in air o f 1 ton carbon from fossil fuel combustion as a basis 
o f comparison, 1 ton carbon released by, e.g., a forest-to- 
cropland transformation can be adequately weighted by 
considering the timing of carbon backflow from air to the 
spontaneously regrowing forest.
Results Carbon transfers to the air per hectare, as well as 
imputable durations o f carbon stay in air, are determined for 
the most important types of land transformation and land 
occupation, for locations in any o f the terrestrial biomes o f  
tropical forest, temperate forest, boreal forest, tropical 
grassland, and temperate grassland. The carbon quantities 
are expressed as “fossil-combustion-equivalent” tons of  
carbon so that they can be summed up with carbon amounts 
from fossil fuel combustion into the usual LCA indicator 
for global warming potential.
Discussion The results confirm that on a per hectare basis, 
transforming forests into cropland has a more serious 
climatic effect than continuing to occupy such land as 
cropland for one additional year. But on a global basis, 
maintaining current cropland areas for one additional year 
is a serious driver of global warming due to the huge area 
o f croplands in zones where forest would be the natural 
vegetation. Furthermore, forest-to-cropland transformations 
cause carbon transfers to air per hectare o f roughly similar 
size in tropical, temperate, or boreal zones, but due to slow 
forest restoration, transformation o f boreal forests has a 
stronger influence on global warming.
Conclusions and recommendations The results o f this study 
facilitate a worldwide impact assessment o f land use with 
respect to global warming. Together with the two separate 
studies covering the impacts of land use on biodiversity and 
on biotic production, a tool will be available for a reasonably 
complete LCA of land use at global level. However, the data 
quality needs further improvement.
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I Background, aim, and scope
.and use leads to many types o f impacts on nature. Milà i 
Canals et al. (2007) propose to include in life cycle 
ssessment (LCA) o f land use at least three important 
mpacts: the impact on biodiversity, the impact on biotic 
iroduction, and the impact on the regulating functions of 
he natural environment. This study concentrates on the last 
f  these pathways dealing with release and storage of 
arbon in vegetation/soil and their climatic impact. The 
onceptual framework o f Milà i Canals et al. (2007) is 
espected; we recommend the reader first to familiarize 
imself with this framework.
Land use on a given area influences the climate system 
1 various ways, in particular:
CO2 flows between land and atmosphere may be 
modified due to a change o f the area’s carbon storage 
in vegetation and soil, influencing the absorption of  
solar radiation by the atmosphere (radiative forcing). 
The flow of greenhouse gases other than CO2 may be 
modified.
The albedo of the area may be modified, influencing the 
reflection of solar radiation at earth’s surface.
The évapotranspiration o f the area may be modified, 
influencing precipitation and the reflection o f solar 
radiation by clouds.
Due to the outstanding importance of CO2 emissions on 
idiative forcing (IPCC 2007:136) and due to the substan- 
al share o f land use change (=land transformation in LCA 
nguage) as a source o f CO2 emission (IPCC 2007, 
ible 7.1), the main focus in this study is on the influence 
Tand use on the transfers o f CO2 between atmosphere and 
nd, the latter including soil and its vegetation. We aim at 
lantifying this influence for each o f the earth’s main 
ogeographical zones and for each o f the main types of 
iman land use (urban land, forest, pasture, and cropland), 
owever, we concentrate here on the CO2 flows caused by 
nd use in the narrow sense inducing quality change in soil 
id vegetation, and we do not treat CO2 flows caused by 
•plying machinery or auxiliaiy materials (like motor fuels 
fertilizers), nor do we determine here the CO2 merits o f 
oducts grown in the particular case o f cropland use: Our 
idy is not a product LCA for biofuels.
Nevertheless, two elements of our study offer interesting 
mparisons with biofuel studies (Zah et al. 2007; 
•archinger et al. 2008; Fargione et al. 2008; Reijnders 
d Huijbregts 2008). First, we determine the CO2 impact
during the time o f land occupation primarily by subtracting 
the carbon content in vegetation and soil o f currently 
occupied land from the carbon content o f land covered with 
natural vegetation even if  this natural vegetation has been 
absent locally for a long time. In contrast, biofuel studies 
typically do not take into account the potential natural state 
o f land; this means that the current land occupation may 
show a zero CO2 impact if  the management practice 
happens to be carbon-neutral. To avoid this undesirable 
outcome, the current land occupation is charged by the 
indirect effect o f supposed land conversions at other 
locations (Searchinger et al. 2008) or by a carbon debt 
due to a recent land conversion (Fargione et al. 2008), both 
requiring delicate assumptions. Second, our study respects 
the fact that the climatic impact o f CO2 in the air depends 
not only on the CO2 quantity but also on its duration o f stay 
in air. We show that the time to fill up a carbon sink created 
by land transformation varies largely in dependence o f the 
geographical zone and the type o f land use. In contrast, 
typical biofuel studies do not cover this time aspect.
2 Materials and methods
In LCA, the widely used indicator for CO2 emissions from 
fossil fuel combustion and similar technical processes is 
expressed in (metric) ton or in megagram (Mg) o f CO2. To 
facilitate the interpretation of LCA results, it is desirable to 
apply this same indicator also for CO2 emissions from land 
use origin. However, the climatic effect o f CO2 transferred 
to the air depends not only on the tonnage transferred but 
also on the average time the respective CO2 quantity stays 
in the air. It is thus necessary to compare the behavior in 
time o f the two CO2 flows: If the imputable average stay in 
air o f CO2 from land use origin is shorter than the average 
stay in air o f CO2 from fossil combustion, the CO2 
emission quantities from land use are to be weighted by a 
factor <1 to adjust for their smaller warming effect per ton. 
These CO2 flows are analyzed hereafter, determining in 
Sections 2.1 and 2.2 the imputable stay times in air for 
the various origins o f CO2 and describing in Section 2.3 the 
impact assessment model, with the determination o f the 
carbon quantities per hectare for land transformation and 
land occupation and their time weighting. In Section 2.4, 
the sources o f empirical data are presented, and the 
extracted data are processed in such way that the link to 
the numerical results in Section 3 is transparent.
2.1 The general carbon cycle model
According to the Bern carbon cycle model, a pulse o f CO2 
emitted to the air will degressively disappear from the 
atmosphere (Fig. 1).
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ig. 1 Fraction o f a CO? emission pulse which is still in the air after 
 ^ years according to the Bern carbon cycle model with conditions 
alid at present: y  =  0.217 +  0.259 x EXP(—/ / 1 72.9) +  0.338 x 
X P (-//1 8 .5 1 ) + 0.186 x E X P ( - r / l .186) (Source: IPCC AR4 
/G l, Tab 2.14)
Figure 1 shows this development; An initial CO2 
uantity of 1 unit is expected to decrease to 0.36 units 
her 100 years and to 0.23 units after 500 years. A residual 
f  roughly 0.22 units is expected to remain in the 
mosphere “for many millennia” (IPCC 2007:824), or 
e^n forever, if the underlying equation is assumed to be 
iplicable for ?=oo. However, the equation is valid only for 
le conditions prevailing around year 2000.
As the global wanning effect of a CO2 quantity depends on 
5 average stay in air, we want to find out from Fig. 1 the 
/erage time a CO2 molecule stays in air. A meaningful 
/erage can be calculated only if the curve is cut off after a 
nite number of years, which means that the climatic 
fluence of CO2 after this cutoff point is considered to be 
îgligible. A cutoff at year 100 would result in a mean CO2 
ay in air of 47.5 years, while a cutoff at year 500 gives a 
ean stay in air of 157 years. The choice of this cutoff point 
lould be such that comparisons with CO2 originating from 
ad use are not heavily distorted; it can be shown that a cutoff 
year 100 would be too short, unduly favoring carbon from 
ssil combustion, so that we prefer a cutoff at 500 years. 
According to IPCC (2000:5), the CO2 leaving the air is 
insferred to the oceans and to the terrestrial part of the 
obe. We suggest to call “dissipative” this CO2 backflow to 
eanic/ten-estrial compartments because it is broadly distrib- 
;d over the globe’s whole surface. Furthennore, it is 
[portant to state here that the CO2 pulse model determines 
; decrease of the airborne fraction of CO2 under the 
sumption of “no concomitant land use change.” This means 
it the decrease cuive in Fig. 1 corresponds to the carbon 
ckflow from the air to the oceanic sink and to the “residual 
restrial sink” (IPCC 2000:5), the latter detennined by the 
)bal state of land use as it was before the time of emission
of this CO2 unit pulse (phone conversation with Prof. 
Fortunat Joos, University of Berne, on June 2nd, 2008).
CO2 saturation of oceanic top layers is a particular 
problem. For the time being, we assume that the environmen­
tal damage of further carbon storage in oceans or in terrestrial 
vegetation/soil is nonsignificant. This assumption might 
change in the future on the basis of additional knowledge.
2.2 Atmospheric CO2 originating from land use
The concept of land use impact assessment, as described in 
Milà i Canals et al. (2007), implies that a land transforma­
tion, on a given plot of land, is assessed in conjunction with 
its future relaxation: This means that the CO2 released 
from, e.g., a deforestation is assumed to stay in the air until 
spontaneous regeneration by the forces of nature (relaxa­
tion) of the forest could have happened, inducing a CO2 
backflow “focused” on the area used. In the absence o f any 
subsequent land occupation, relaxation toward the potential 
natural vegetation (PNV) starts immediately after the initial 
land transfonuation. But if a series of land occupations 
(e.g., planting of agricultural crops on a former forest area) 
follows after the land transformation, the relaxation is 
postponed by the number of years, N, o f these land 
occupations. However, the conesponding prolongation by 
N  years of the CO2 stay in the air is an impact that is 
obviously attributable to the N  years of land occupations 
and not to the initial land transfonuation. Hence, the 
damaging impact of a land transformation itself does not 
increase if a sequence of land occupations follows (from 
hereon, we express carbon stocks and flows in ton o f carbon, 
t C, or megagram. Mg C, equivalent to 3.67 ton o f CO2).
This concept may be explained by the case o f a 
temperate forest assumed to contain 100 t C per hectare in 
vegetation and 140 t C per hectare in soil, which is burnt 
down in year 0 and then starts to regenerate spontaneously 
to new forest, arriving at the same carbon quantities stored 
after 70 years of forest growth. Assuming that in short time 
the fire leads to a transfer to the air of 100% carbon ex 
vegetation and 25% of carbon ex soil, the atmosphere 
receives an increment o f 135 t C per hectare. Then, 
reforestation causes a gradual retransfer o f carbon back to 
the burnt area until all o f the additional carbon in air has 
disappeard within 70 years. The average time to stay in air 
of the carbon is lower than 70 years: In fact, only a tiny part 
of the 135 t C per hectare stays in the air during the full 
period of 70 years, while the first backflow of carbon takes 
place when the growth of trees starts. As the exact carbon 
flows in time are not well known, we take the simplified 
assumption that the mean stay time in air o f carbon is half 
of the relaxation time, or 70/2 years in our case.
If we compare now this carbon transfer to the air caused by 
land use with the carbon transfer according to Fig. 1, we
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lotice that average carbon stay in air originating from land 
ise is substantially different from the 157 years of stay 
iccording to the general carbon cycle model. In conse­
quence, 1 ton of carbon from any case o f land use may cause 
I different global warming effect than 1 ton o f carbon from 
bssil combustion. It is hence justified to weight a carbon 
quantity originating from land use with a “duration factor 
df)” before it is added to carbon quantities originating from 
bssil combustion and comparable technical processes. This 
luration factor is the ratio between the average carbon stay 
n air due to the land use and 157 years. On the basis o f  
mpirical data, this duration factor can be determined for the 
various types o f land use in the various climate zones o f the 
(lobe. It may be expected that regeneration o f wet tropical 
brests is fast (df clearly lower than I), whereas regrowth of  
)oreal forests is slow. Nevertheless, we do not propose a df 
ligher than 1 in the second case because carbon from 
lestmction of vegetation with slow regeneration can always 
eave the atmosphere through the “dissipative” outflow path 
owards the oceans and the continents.
It is important to eliminate here two types o f possible 
nisunderstandings. First, the carbon backflow to the area o f a 
egrowing forest does not consist o f the same individual 
nolecules as the carbon flow to the air during the previous 
brest destruction. The plants do not distinguish between 
nolecules o f fossil origin and molecules of land use origin so 
hat a carbon sink on a cleared land area may well be filled up 
vith carbon from any origin. If we say that the carbon stay in 
ir from a destroyed wet tropical forest is 35 years, this refers 
0 carbon quantities, not to individual molecules. We therefore 
ise the term “imputable” stay time. Second, a quantity of  
arbon leaving the air will in reality be partitioned among the 
arious parallel outflow paths, be it to the broad oceanic/ 
srrestrial surface (“dissipative” carbon backflow) or to the 
lemarcated areas o f specific land use (“focused” carbon 
•ackflow). It is for the sake of simplicity that we determine the 
verage time o f carbon stay in air under the assumption that 
arbon quantities mobilized by land use flow essentially back 
3 the place o f their origin if  this “focused carbon backflow” is 
aster than the 157 years o f the “dissipative” carbon backflow.
The need of taking into account the duration of the 
arbon stay in air before adding carbon quantities of  
ifferent origin has already been mentioned by Moura- 
’osta and other authors (see IPCC 2000, Section 2.3.6.3).
.3 The life cycle impact assessment model o f carbon 
•ansfers due to land use
Ve propose to model in LCA the climatic impact of land 
se as follows:
The impact indicator is expressed in ton of CO2 and
represents the CO2 mobilized from vegetation and soil
due to land use activities in the narrow sense. This means 
that the impact indicator traditionally used in LCA 
practice for fossil and industrial global warming potential 
(GWP) emissions is also applicable for climatic impacts 
from land use. However, we calculate here in ton of 
carbon, t C, equivalent to 3.67 ton o f CO2. In a first step, 
we concentrate on carbon flows in the form o f CO2 and 
exclude flows o f other GWP gases.
The climatic impact o f a carbon unit in the atmosphere 
depends on the duration of its mean stay in air. Carbon 
from fossil combustion and similar industrial processes 
has an average time to stay in air o f 157 years if  flows after 
year 500 are excluded. If a mean carbon stay in air of 
<157 years is imputable to a given type o f land use, a 
weighting o f the mobilized carbon quantity by a duration 
factor is necessary to ensure an adequate summation with 
carbon quantities from fossil origin. The duration factor 
equals the imputable carbon stay time in air, divided by 
157 years, but it cannot exceed the value o f 1 (carbon from 
land use can be less damaging, but not worse than carbon 
from fossil combustion).
For a land transformation, the imputable mean stay of 
carbon in air is 50% of the relaxation time (time needed 
by the forces of nature to reverse the transformation). 
This means that relaxation is assumed to progress in 
proportion to time for the sake o f simplicity. For a land 
occupation, the imputable mean stay of carbon in air is 
equal to the occupation time because the carbon 
transmitted to the air by a previous land transformation 
extends its stay by the length o f the occupation.
The reference for determining carbon flows from land 
use is the carbon content o f the specific PNV that is 
associated to each o f the geographical locations o f the 
globe. Approximative carbon stock quantities per 
hectare in vegetation and soil are available from field 
studies for the main types o f PNV. Carbon quantities 
per hectare transmitted to or transmitted from air, due to 
the particular land use activity, can be derived from 
these stock data. For main types o f land transformation, 
information on the transmitted percentage o f carbon 
stock may be found in the literature. For land 
occupation, the carbon quantity in air is simply the 
difference o f the carbon stock (in vegetation and soil) of 
the PNV and the actual carbon stock during the period 
o f occupation. If the particular land occupation lasts 
I year, the stay in air o f this carbon difference quantity 
is increased by 1 year, and the future relaxation is 
postponed by this 1 year.
We start from the assumption that the land management 
of the occupied area is carbon-neutral so that observed 
changes o f carbon stocks during the time o f occupation 
are expected to be aftereffects o f previous transforma­
tions, thus being a part of the transformation impact.
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But if the occupation management itself is substantially 
non-carbon-neutral, our figures for occupation impact 
require a correction. The simple form o f correction 
would be to convert the decreasing or increasing carbon 
stock during the period o f occupation into a constant 
average carbon stock, thereby increasing or decreasing 
the difference to the PNV reference mentioned above. 
However, bearing in mind that the impact o f carbon 
stock change during occupation does not stop at the end 
of this occupation, the more accurate form of correction 
would be to treat as an additional land transformation 
the net carbon change attributable to the occupation 
management method.
!.4 Empirical data on carbon storage and carbon flows
To determine the climatic impact of land use according to 
he precedent sections, data are required on the quantity o f  
arbon per hectare transferred from vegetation/soil to the 
ir, as well as on the imputable mean time to stay in air of 
his carbon. This data set should be available for all climatic 
ones o f the globe and within each climatic zone for all 
ypes o f land transformations and land occupations. To 
emain within reasonable limits of data requirements, the 
limatic zones are aggregated here into the six biomes most 
uffering from human land use: tropical forests wet/dry, 
smperate forests, boreal forests, tropical grasslands, and 
smperate grasslands. Furthermore, only those types o f land 
ransformations are considered which cause a substantial 
hange o f carbon storage in vegetation/soil.
'.4.1 Data on change o f  carbon storage due to land use
able 1 presents data on mean carbon storage in vegetation 
nd in the upper 1 m o f soil for the gobal biomes (IPCC 
001, Chapter 3.2.2). A comparison o f the data fi-om the 
iree different sources gives an impression o f the limited
accuracy. This impression o f very coarse estimates is 
reinforced by comparison with a fourth available list o f  
carbon stock data (Searchinger et al. 2008, Appendix D). 
We decide to work here with the German Advisory Council 
on Global Change (WBGU) carbon stock data because 
WBGU gives data for worldwide carbon flows caused by 
land use as well as information on the time dependence of  
these flows; we expect a better data consistency if  the used 
data are collected and checked by one and the same 
research team. Furthermore, we consider it as an appreci­
ation o f quality that the WBGU findings were included into 
the IPCC publication. However, we had to correct WBGU 
figures for the case o f temperate forests where an obvious 
calculating error for Australian temperate forests distorts 
the result (WBGU 1998, Anhang Tabelle 2). Furthermore, 
we decided to distinguish between the carbon storage o f dry 
tropical forests and o f wet tropical forests. In fact, this 
distinction was made in the original WBGU report: Wet 
tropical forests are estimated to contain 186 t C per hectare 
in plants and 180 t C per hectare in soil, while dry tropical 
forests contain only 50 t C per hectare in plants and 66 t C 
per hectare in soil (WBGU 1998:24; see Table I).
When using the data of Table 1 for calculating the 
climatic impact o f land use, it is necessary to allocate to the 
proper biome the place o f the given land use. Global maps 
are available for this allocation task (IPCC 2007, Fig 2.15; 
WildWorld 2009). The maps generally do not show 
cropland (which does not represent a natural vegetation) 
and wetlands (which are usually parts o f forest or grassland 
biomes).
The data we need for our calculations are not the carbon 
stocks in vegetation/soil as shown in Table I but rather the 
changes o f stock as a consequence o f land transformations: 
If forest is transformed to meadow, cropland, or building 
land, how much carbon will be transferred from vegetation/ 
soil to the air? On the basis o f available information 
(WBGU 1998, Chapter 6; Searchinger et al. 2008,
'able 1 Estimates o f  terrestrial carbon stocks (globally aggregated values by biom e in megagram or ton o f  carbon) originating from W BG U, 
1RS, and IGBP (source: IPCC AR3 W G l, Table 3.2)
iome W BGU plants (M g C/ha) W BGU soil (Im M g C/ha) MRS plants (Mg C/ha) IGBP soil (Im M g C/ha)
topical forests 120 123 194 122
emperate forests 57 corrected to 100 96 corrected to 140 134 147
oreal forests 64 344 42 247
ropical savannas 29 117 29 90
and grasslands
emperate grass and shrublands 7 236 13 99
>eserts and semi-deserts 2 42 4 57
undra 6 127 4 206
roplands 2 80 3 122
/etlands 43 643 - -
he calculations in our study will be based on W BGU, except for temperate forests where w e corrected an error (bold figures)
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Appendix D), we answer these questions with the following 
Amplifying assumptions:
Forest-to-cropland transformations are transferring to 
the air 100% of carbon in vegetation and 25% of carbon 
in soil (top 1 m).
Forest-to-pastureland transformations are transferring to 
the air 100% of carbon in vegetation and 0% of carbon in 
soil (carbon in soil remains reasonably protected by the 
permanent vegetation cover of grass so that mobilization 
of soil carbon is limited to small quantities).
Forest-to-artificialland transformations are transferring 
to the air 100% of carbon in vegetation and 25% of 
carbon in soil (vegetation cover is generally disturbed 
by earth moving equipment so that soil loses its 
protection, similarly to the case o f cropland). 
Grassland-to-cropland transformations are transferring 
to the air 25% of carbon in soil (permanent vegetation 
cover disturbed). The same applies to grassland-to- 
artificial land transformations. The change in vegetation 
carbon is negligible; however, according to Table 1, 
tropical grasslands contain a substantial amount of  
carbon in vegetation which we assume to be transferred 
to air in the case o f these transformations.
For the time being, the available information does not 
permit to fix more differentiated general rules for 
carbon stock transfers; this justifies it even more to 
assess the climatic impact only for the most important 
land transformations and to abstain from dealing with 
more differentiated types o f transformation.
Going back to Table 1, it is evident that the carbon 
ansfer of a forest-to-cropland transformation cannot be 
alculated by subtracting row “croplands” from the row of 
le transformed forest type because existing cropland is 
pread over the climatic zones o f temperate forests, tropical 
crests, temperate grassland, and tropical grassland (see 
lap Fig 2.15 in IPCC 2007, Chapter 2). The row ‘croplands’ 
lerefore contains mean values that have no significance for 
particular biome.
.4.2 Data on relaxation times and on imputable mean CO2 
tay in air
b calculate the imputable mean duration o f the carbon stay 
1 air for the various types o f land transformation, we want 
) know the number o f years until practically all o f the 
arbon is retransmitted to fill up the carbon sink on the 
ansformed area. This is the time needed to accomplish 
taxation on this plot. The duration o f the relaxation period 
an be expected to be fast in a region o f warm and moist 
limate and slow in regions o f cold or dry climate. The data 
Durces for determining the number of years for relaxation 
re incomplete and o f limited consistency so that the
resulting relaxation times are only a coarse estimate. The 
following data sources have been used:
• Chapter 6 of WBGU (1998) contains information on 
mean annual carbon storage rates in vegetation and in 
soil (WBGU 1998:55). But in IPCC (2000, Chapter 
1.4.1), these rates are considered to “probably represent 
maximum rates achieved under intensive management 
that includes the use o f fertilizers.” For spontaneous 
natural relaxation, we therefore take for our calculations 
only 50% of the rates of WBGU (1998:55).
• Chapters 3 and 4 o f IPCC (2000) contain further 
information on rates of carbon storage in vegetation 
and in soil per hectare for some types o f land 
transformation.
The relaxation times obtained on the basis o f these data 
sources are contained in Table 2. The calculation procedure 
is explained below for the upper three rows o f Table 2: In 
the tropical forest biome, a forest-to-cropland transforma­
tion leads to a carbon transfer o f 100% x 120 t C per 
hectare from vegetation to air and o f 25% x 123 t C per 
hectare from soil to air, totalling 150.75 t C per hectare. 
According to WBGU (1998:55), the mean annual carbon 
backflow to vegetation/soil during the regrowth o f tropical 
forests is 4.9 t C per hectare year, and we estimate that a 
purely natural regrowth would generate only 50% of this 
boosted backflow. The result is thus a relaxation time of 
150.75/2.45=62 years. The duration o f the imputable mean 
carbon stay in air is half o f these 62 years, or 31 years, 
because the mean carbon stay in air is approximately the 
average between zero years and the number o f  years 
required for complete relaxation. A forest-to-pastureland 
transformation leads to a carbon transfer o f 100% x 120 t C 
per hectare from vegetation to air, while carbon stock in soil 
is assumed to be roughly unchanged if  there is no 
overgrazing. According to WBGU (1998:55), the mean 
annual carbon backflow to vegetation alone, during the 
regrowth o f tropical forests, is 3 . 7 1C per hectare year. This 
results in a relaxation time o f 120/1.85=65 years, the 
imputable mean stay o f carbon in air being half o f it.
A forest-to-artificial land transformation is assumed to 
lead also to a carbon transfer to air o f 150.75 t C per hectare 
because the vegetation is removed and the soil is 
mechanically disturbed like in the case o f  cropland 
preparation. But in contrast to cropland, the surface o f the 
area is often modified in such way that fertile soil is not 
immediately accessible to plant upcoming roots so that 
growth o f any vegetation is retarded during a certain time. 
Experiences with spontaneous reforestation in the case of 
rockfall areas (Ceschi 2006), forefields o f receding glaciers 
(Alean 2009), and areas covered with debris from volcanic 
eruptions (Frenzen 2009) support the very coarse assump­
tion that spontaneous reforestation— if starting from artifi-
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Table 2 Relaxation times and imputable mean carbon stay in air for main types o f  transformation in main biomes
îiom e and type o f  preceding transformation (data 
ource for carbon backflow rates in parentheses)
Carbon transfer 
(t C/ha)
Annual carbon 
backflow (t C/ha year)
Relaxation 
time (year)
Mean carbon 
stay in air (year)
Tropical forest: relaxation after forest-to-cropland 
transformation (W BG U 1998:55)
150.75 2.45 62 31
Topical forest: relaxation after forest-to-pastureland 
transformation (W BGU 1998:55)
120 1.85 65 32.5
Topical forest: relaxation after forest-to-artiflcial land 
transformation (W BGU 1998:55)
150.75 2.45 62 31+25
"emperate forest: relaxation starting after forest-to- 
cropland transformation (W BGU 1998:55)
135 1.83 74 37
"emperate forest: relaxation after forest-to-pastureland 
transformation (W BGU 1998:55)
100 1.35 74 37
"emperate forest: relaxation after forest-to-artiflcial 
land transformation (W BGU 1998:55)
135 1.83 74 3 7 + 5 0
loreal forest: relaxation after forest-to-cropland 
transformation (W BGU 1998:55)
150 0.63 238 119
loreal forest: relaxation after forest-to-pastureland 
transformation (W BGU 1998:55)
64 0.48 133 67
Joreal forest: relaxation after forest-to-artiflcial 
land transformation (W BGU 1998:55)
150 0.63 238 119+100
"rop. grassland: relaxation after grassland-to-cropland 
transformation (IPCC 2000, Table 4.4)
58 0.6 97 48
"rop. grassland: relaxation after grassland-to-artiflcial 
land transformation(lPCC 2000, Table 4.4)
58 0.6 97 4 8 + 2 5
emp. grassland: relaxation after grassland-to-cropland 
transformation (IPCC 2000, Table 4.4)
66 0.6 110 55
emp. grassland: relaxation after grassland-to-artiflcial 
land transformation (IPCC 2000, Table 4.4)
66 0.6 110 5 5 + 5 0
ial land with infertile topsoil— is retarded by 25 years in 
he tropical forest biome, by 50 years in the biome of 
smperate forest, and by 100 years in the biome of boreal 
brest. In consequence, a transformation from tropical forest 
3 artificial land leads to a relaxation time o f 62 years and 
n imputable mean stay o f carbon in air o f 3 1 + 2 5  years.
The relaxation times for forests in Table 2 appear to be 
sasonable in comparison to the gererally accepted 60 -  
00 years for spontaneous regrowth of temperate forests 
nd 100-200 years for boreal forests. Plausible are also the 
slatively long relaxation times for (natural) grasslands in 
able 2: These can be explained by the slowness of organic 
arbon formation in soil. Although grass will grow within a 
3W years if  a cropland in natural grassland biomes is
abandoned, the re-accumulation o f carbon in soil below the 
grass cover requires much more time.
3 Results
Here, per hectare quantities o f carbon to air as well as duration 
factors are given for the most important types o f land 
transformation and land occupation within each o f the most 
relevant biomes o f the globe so that the climatic impacts per 
hectare can be determined in equivalents o f fossil combustion 
carbon. The transparent method allows for the calculation of  
other and more complex types o f land use. In particular, land 
use types with beneficial climatic impact could also be
able 3 Biom e o f  tropical forests: carbon transferred to air, df, and fossil-combustion-equivalent carbon transferred to air for m ost important 
q)cs o f  land transformation and occupation (see also Tables 8 and 9 for distinction o f  wet/dry tropical forests)
ype o f  land use (biome 
f  tropical forests)
t C per hectare transferred 
to air by the transformation
Duration factor (df) Fossil-combustion-equivalent ton 
C per hectare transferred to air (Ceq)
ransformation forest to cropland 150.75 31 /157= 0.20 30.2
iccupation as cropland 1 year 150.75 1/157=0.0064 0.96
ransformation forest to pastureland 120 32.5/157=0.21 25.2
Iccupation as pastureland 1 year 120 1/157=0.0064 0.77
ransformation forest to artificial land 150.75 56/157= 0 .36 54.3
iccupation as artificial land 1 year 150.75 1/157=0.0064 0.96
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Table 4 Biom e o f  temperate forests: carbon transferred to air, df, and fossil-combustion-equivalent carbon transferred to air for most important 
ypes o f  land transformation and occupation
Type o f  land use (biome 
)f temperate forests)
t C per hectare transferred to 
air by the transformation
Duration factor (df) Fossil-combustion-equivalent ton 
C per hectare transferred to air (Ceq)
Transformation forest to cropland 135 3 7 /157= 0.24 32.4
Dccupation as cropland 1 year 135 1/157=0.0064 0.86
Transformation forest to pastureland 100 3 7 /157= 0.24 24
Dccupation as pastureland 1 year 100 1/157=0.0064 0.64
Transformation forest to artificial land 135 87/157= 0.55 74.3
Dccupation as artificial land 1 year 135 1/157=0.0064 0.86
ncluded, for instance the creation and maintenance of 
rrigated forest plantations in a region that is too diy for 
latural growth of forests. In such cases, carbon transfer from 
lir to vegetation/soil precedes the carbon backflow to the air 
;o that the atmosphere is not temporarily charged by carbon 
)ut rather temporarily relieved from carbon.
Tables 3, 4, 5, 6, 7, 8, and 9 give the results which can 
)e directly used in LCA applications: If an LCA inventory 
lappens to contain a forest-to-cropland transformation of 
I ha at a location inside of the tropical forest biome. Table 3 
ndicates a transfer to air o f 150.75 t C, taken from Table 2. 
fhe imputable mean time of carbon stay in air (also taken 
irom Table 2) is 31 years, which results in a duration factor 
)f 31/157=0.20, or 20% of the mean stay in air o f carbon 
Tom fossil fuel combustion (157 years). Thus, in view of  
weighting the climatic impact, the 150.75 t C have to be 
nultiplied by the df 0.20, resulting in only 30.2 ton of 
[bssil-combustion-equivalent carbon (Ceq). In other words, 
he elimatic impact of 1 ha o f land transformation from 
Topical forest to cropland is equal to the climatic impact of 
he emission to air o f only 30.2 t C from fossil fuel 
combustion. If the transformed land is afterwards occupied 
IS cropland during 1 year, the time to stay in air of the 
carbon released from vegetation and soil will be increased 
jy one further year, which results in a df of 1/157=0.0064. 
fhis means that the climatic impact o f I ha o f land occupation 
IS cropland, at a location inside o f the tropical forest biome, is
the same as if 0.961C is emitted by fossil ftiel combustion (the 
df in all tables are based on a cutoff after 500 years o f the Bern 
carbon cycle model; if  a reader contrary to our advice prefers 
to work with a cutoff after 100 years, the df would have to be 
increased by a factor 157/47.5=3.3, with a corresponding 
increase o f the Ceq amounts).
As mentioned before, the results for land occupation in 
Tables 3, 4, 5, 6, 7, 8, and 9 are based on the assumption that 
the management method in itself, applied during the 
occupation time, is carbon-neutral so that the area’s carbon 
content would be constant if  any aftereffects o f the preceding 
land transformation are separated. In reality, cropping 
management may increase soil carbon by application of 
organic fertilizer or decrease soil carbon by intensive deep 
tillage; the corresponding effect is estimated to be o f the 
order o f 0.1-1 t C per hectare and year o f occupation (IPCC 
2000, Section 4.4.1). These amounts are small in comparison 
to the ton o f carbon per hectare and per year o f occupation 
transferred to air by the precedent transformation, as shown 
in Tables 3, 4, 5, 6, 7, 8, and 9; a simple addition or 
subtraction o f such effect from occupation management 
would not change substantially the results. But the adequate 
way to treat a carbon gain or loss attributable to the 
oecupation management method in itself would require an 
answer to the type of question: During how many successive 
years will the carbon content in air be reduced due to the 
manure-based increase o f soil earbon executed during the
Fable 5 Biom e o f  boreal forests: carbon transferred to air, df, and fossil-combustion-equivalent carbon transferred to air for m ost important types 
) f  land transformation and occupation
Type o f  land use (biome 
) f  boreal forests)
t C per hectare transferred to 
air by the transformation
Duration factor (df) Fossil-combustion-equivalent ton 
C per hectare transferred to air (Ceq)
Transformation forest to cropland 150 119/157=0.76 114
Occupation as cropland 1 year 150 1/157=0.0064 0.96
Transformation forest to pastureland 64 67/157= 0.43 27.5
Occupation as pastureland 1 year 64 1/157=0.0064 0.41
Transformation forest to artificial land 150 219/157, limited to 1 150
Occupation as artificial land 1 year 150 1/157=0.0064 0.96
Siote that duration factor is limited to 1.0 in second to the last row
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able 6 Biom e o f  tropical grassland: carbon transferred to air, df, and fossil-combustion-equivalent carbon transferred to air for most important 
qjes o f  land transformation and occupation
ype o f  land use (biome 
f  tropical grassland)
t C per hectare transferred 
to air by the transformation
Duration factor (df) Fossil-combustion-equivalent ton 
C per hectare transferred to air (Ceq)
ransformation grassland to cropland 58 48/157=0.31 18.0
Iccupation as cropland 1 year 58 1/157=0.0064 0.37
ransformation grassland to pastureland 0 0
Iccupation as pastureland 1 year 0 0
ransformation grassland to artificial land 58 73/157= 0 .46 26.7
iccupation as artificial land 1 year 58 1/157=0.0064 0.37
eriod of occupation? As the available knowledge did not 
[table us to answer this type o f question, we have not 
icluded the influence o f non-carbon-neutral occupation 
lanagement into Tables 3, 4, 5, 6, 7, 8, and 9.
The amounts we give in Tables 3, 4, 5, 6, 7, 8, and 9 are 
tarse estimates o f mean values. It would have been 
ssirable to give also confidence limits so that the user 
îts to know the interval within which the true values may 
: expected with high probability. In the authors’ opinion, 
le quality and the comparability o f currently available data 
) not permit the execution o f statistical calculations that 
ad to reliable confidence limits: In advance o f any 
atistical calculations, the data sets should be cleaned from 
îterogeneous elements that would distort the results. But 
irrently, this cleaning is difficult to accomplish because 
ita sources are often imprecise in describing their data, 
icamples: Does the amount o f carbon in soil refer to depth 
m or depth 0.3 m? Does the amount o f carbon in biomass 
:clude or include roots? Where is the spatial delimitation 
!tween temperate and tropical forests?
Discussion
ti inspection of Tables 3, 4, 5, 6, 7, 8, and 9 gives rise to 
e following comments:
Land occupation as cropland during 1 year shows small 
;q (fossil combustion equivalent ton o f carbon) per
hectare. This is essentially caused by the fact that 1 ton of  
carbon from fossil combustion remains in air during 
157 years, while land occupation during 1 year leads to a 
prolongation o f imputable carbon stay in air by only 1 year. 
Comparing now cropland occupation across different 
biomes, the results confirm that the climatic impact is high 
if  I ha o f cropland is maintained at a location where forest 
would be the PNV, while the climatic impact is consider­
ably lower if  grassland would be the PNV. This is 
attributable to the lower carbon transfer per hectare o f the 
transformations to cropland if they are executed inside o f  
grassland biomes.
A land transformation causes a Ceq per hectare that is 
30-150 times as high as the corresponding land occupa­
tion during 1 year. Nevertheless, the worldwide climatic 
impact o f all current croplands is serious due to the total 
cropland area o f 1600 million o f hectares (IPCC 2001, 
Chapter 3.2.2). Continuing this worldwide cropland 
occupation for one additional year is therefore a major 
cause o f the current climate problem. We repeat here that 
the climatic effects o f crop consumption are not part o f our 
model. If global croplands were largely used for energy 
crops and if  these energy corps caused a net reduction o f  
fossil fuel use, biofuel studies could come to different 
conclusions.
Land transformations cause an especially high climatic 
impact per hectare if  boreal forests are transformed to 
cropland or artificial land. This is mainly due to the fact that
ble 7 Biom e o f  temperate grassland: carbon transferred to air, df, and fossil-combustion-equivalent carbon transferred to air for most important 
)es o f  land transformation and occupation
pe o f  land use (biome 
temperate grassland)
t C per hectare transferred 
to air by the transformation
Duration factor (df) Fossil-combustion-equivalent ton 
C per hectare transferred to air (Ceq)
insformation grassland to cropland 66 55/157= 0 .35 23.1
cupation as cropland 1 year 66 1/157= 0.0064 0.42
insformation grassland to pastureland 0 0
cupation as pastureland 1 year 0 0
insformation grassland to artificial land 66 105/157=0.67 44.2
cupation as artificial land 1 year 66 1/157=0.0064 0.42
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Table 8 Biom e o f  wet tropical forests: carbon transferred to air, df, and fossil-combustion-equivalent carbon transferred to air for m ost important 
ypes o f  land transformation and occupation
Type o f  land use (biome 
if wet tropical forests)
t C per hectare transferred to 
air by the transformation
Duration factor (df) Fossil-combustion-equivalent ton 
C per hectare transferred to air (Ceq)
Transformation forest to cropland 231 31/157= 0.20 46.2
)ccupation as cropland 1 year 231 1/157=0.0064 1.48
"ransformation forest to pastureland 186 32.5/157=0.21 39.1
)ccupation as pastureland 1 year 186 1/157=0.0064 1.19
"ransformation forest to artificial land 231 56/157= 0.36 83.2
)ccupation as artificial land 1 year 231 1/157=0.0064 1.48
Tarbon quantities from W BGU (1998:24). Duration factor same as in Table 4  because data for differentiation wet/dry tropical forests unavailable
he low temperatures slow down the regeneration of plants 
nd soil in the boreal forest biome so that the carbon stay in 
lir after a land transformation is comparatively long. In 
ontrast, transformation from tropical forests to cropland or 
rtificial land causes a lower climatic impact, in spite o f the 
ligh carbon transfer per hectare, because regrowth o f forest 
n warm and humid climate is a comparatively fast process 
however, destruction o f tropical forests may cause a drastic 
eduction o f biodiversity, which is not the theme o f this 
tudy).
The findings o f this section illustrate the advantage of  
tie proposed assessment methodology which is not only 
lased on the quantities of carbon transmitted between air 
nd vegetation/soil, but takes into account also the mean 
ime to stay in air o f these carbon quantities: Short carbon 
tay in air means lower climatic impact. Furthermore, our 
oncept compares the actual carbon content o f land with the 
arbon content o f PNV so that occupation as urban land or 
ropland inside a forest biome comes out to be more 
amaging in comparison to a location in grassland biomes. 
his is in line with the current methodology for determining 
iodiversity impacts o f land use, and it could be a step 
head for future biofuel studies.
5 Conclusions and recommendations
Tables 3, 4, 5, 6, 7, 8, and 9 assist the LCA practitioner in 
determining the climatic impact from main types o f land 
use inside o f the main biomes o f the globe. Additional 
types o f land use could be calculated on the basis o f the 
concept presented in the study and the cited data sources. 
Data availability will cause higher problems if  land use 
inside of biomes other than those treated in Tables 3, 4, 5, 
6, 7, 8, and 9 should be assessed.
In spite o f the excellent work o f IPCC, the quality o f  
available data on carbon content in vegetation and soil, on 
carbon transfers to air due to particular land use types, and 
on the duration o f stay in air o f the carbon is still limited 
and needs improvement. Providers of empirical data should 
be more explicit on the boundary conditions o f their data so 
that the comparability o f different data sets can be checked 
prior to statistical uncertainty calculations. Furthermore, 
data on important non-COz greenhouse gas transfers due to 
land use should be available to the same extent as for CO2.
Nevertheless, a coarse LCA assessment o f the climatic o f  
land use is practicable whenever the LCA inventory 
contains the necessary information. Together with the
able 9 Biom e o f  dry tropical forests: carbon transferred to air, df, and fossil-combustion-equivalent carbon transferred to air for m ost important 
/pes o f  land transformation and occupation
ype o f  land use (biome 
f  dry tropical forests)
t C per hectare transferred 
to air by the transformation
Duration factor (df) Fossil-combustion-equivalent ton 
C per hectare transferred to air (Ceq)
ransformation forest to cropland 66.5 31/157= 0.20 13.3
Iccupation as cropland 1 year 66.5 1/157=0.0064 0.43
ransformation forest to pastureland 50 32.5/157=0.21 10.5
Iccupation as pastureland 1 year 50 1/157=0.0064 0.32
ransformation forest to artificial land 66.5 56/157= 0 .36 23.9
iccupation as artificial land 1 year 66.5 1/157=0.0064 0.43
arbon quantities from W BGU (1998:24). Duration factor same as in Table 4  because data for differentiation wet/dry tropical forests unavailable
^  Springer
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)lanned separate studies covering the land use impacts on 
)iodiversity and on biotic production, a fairly complete 
reatment o f land use worldwide will be possible.
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:nergy crops 
iilseed  rape  
fisconthus
Villow short-rotation  copp ice (SRC)
b rest residues
ife  cycle  a sse ssm e n t (LCA)
and u se
o il quality
:arbon sequ estration
oil organic carbon (SOC)
The en v iron m en ta l im pact o f  d ifferent lan d -u se  sy stem s for energy, up to the  farm  or 
forest “ga te”, h as b een  quantified  w ith  Life Cycle A sse ssm e n t (LCA). Four rep resen tative  
crops are considered: O ilSeed Rape (OSR), Miscanthus, Short-R otation C oppice (SRC) w illow  
and forest resid ues. The focus o f  th e  LCA is on  ch an ges in  Soil Organic Carbon (SOC) but 
energy u se , em iss io n s o f  G reenH ouse G ases (GHGs), acid ification  and eu trop h ication  are 
also  considered . In addition  to providing an indicator o f  so il quality , ch a n g es in  SOG are 
sh o w n  to have a d om in an t e ffect on  total GHG em iss io n s . Miscanthus is  th e  b est  lan d -u se  
op tion  for GHG em iss io n s  and so il quality  as it se q u esters C at a h igh er  rate than  the  other  
crops, but th is h a s to be w eig h ed  again st other en v iron m en ta l im p a cts w h ere  Miscanthus 
perform s w orse, su ch  as acid ification  and eutrophication . OSR sh o w s th e  w o rst perfor­
m an ce across all categories. B ecause forest resid ues are treated  as a by-product, their  
en v iron m en ta l im p acts are sm all in  all categories. The an a lysis h igh ligh ts th e  n eed  for 
detailed  site-sp ecific  m odellin g  o f  SOC ch an ges, and for co n se q u en tia l LCAs o f  th e  w h o le  
fuel cycle  inclu d in g  transport and use.
© 2009 Elsevier Ltd. All rights reserved .
Introduction
IK g r e e n h o u se  g a s (GHG) e m is s io n s  in  2005 w e r e  e s t im a te d  at 
5.7% b e lo w  1990 levels^  [1] p rim a rily  b e c a u se  o f  th e  sh if t  fro m  
o a l to  g a s for p o w e r  g en era tio n . U n d er  th e  K yoto  P rotoco l, th e  
IK g o v e r n m e n t  ag reed  to  r ed u ce  GHG e m is s io n s  b y  12.5%  
e lo w  1990 le v e ls  o n  a v era g e  o v er  th e  c o m m itm e n t  p eriod  
0 0 8 -2 0 1 2 . D e sp ite  th e  re la tiv e ly  lo w  co n tr ib u tio n  o f  th e
agricu ltu ra l se c to r  -  e s t im a te d  a t 6.9% [2] -  to  to ta l n a t io n a l  
e m is s io n s , it  is  th e  la r g e s t  e m itte r  o f  tw o  o f  th e  m o s t  p o w e r fu l  
GHGs: m e th a n e  (CHfr a n d  n itr o u s  o x id e  (N2 O), w h ic h  are 25  
a n d  298 t im e s , r e sp e c t iv e ly , m o r e  p o te n t  c o n tr ib u to r s  to  g lo b a l 
w a r m in g  th a n  carb o n  d io x id e  (CO2) (1 0 0 -y ea r  GWP [3]). In 
ad d itio n , s in c e  a gricu ltu re  o c c u p ie s  77% o f  to ta l  UK la n d  area
[2], th e  p o te n t ia l o f  a gricu ltu re  to  m it ig a te  GHG e m is s io n  b y  
a c t in g  as a C s in k  th r o u g h  its  s e q u e s tr a t io n  in  so il  a n d  b y
* Corresponding author. Institute for E nvironm ent and Sustainability, Joint R esearch Gentre, European C om m ission , T.P. 270, Via Enrico 
erm i, 2749, 1-21027 Ispra (VA), Italy. Tel.: +39 332 785 969; fax: +39 332 786645.
E-m ail address: m iguel.brandao@ jrc.ec.europa.eu (M. Brandao).
 ^ E xpressed in CO2 equ iva lents, exclu d in g  e m iss io n s from  Land U se, Land-U se C hanges and Forestry (LULUCF) and aircraft m o v e-  
le n ts . Had LULUFC b een  considered , the  UK e m iss io n s  w ou ld  have b een  low er in  2005, b ut h igher in 1990.
961-9534/$ -  se e  front m atter © 2009 Elsevier Ltd. All rights reserved. 
oi:10.1016/j.b iom bioe.2009.10.019
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'o d u c in g  en e r g y  crop s to  d isp la c e  fo s s il  fu e ls  is  p r o m is in g  
,5].
A s p art o f  th e  str a te g y  to  r e d u ce  GHG e m is s io n s , g o v e m -  
,en t p o lic y  in  th e  UK a n d  e ls e w h e r e  is  p r o m o tin g  th e  
o d u c tio n  a n d  u se  o f  b io m a s s  e n e r g y  (liqu id  b io fu e ls  for  
a n sp o rt a n d  e n e r g y  cro p s for h e a t  a n d /o r  p o w er). T h is  p o lic y  
so  c o n tr ib u te s  to  o th e r  p o litic a l a n d  so c ia l o b je c tiv e s , su c h  
I re d u c e d  r e lia n c e  o n  fu e l im p o r ts  (en erg y  secu r ity ) an d  
c r e a se d  in c o m e  to  fa rm e rs a n d  rural c o m m u n it ie s  [6 - 8 ]. T h e  
fC B io m a ss  S tra teg y  p u b lish e d  in  2007  s e t s  o u t  a c lea r  h ier-  
c h y  for b io m a s s  w h ic h  s h o w s  th a t  th e  p referred  u s e s  are for  
?at a n d  c o m b in e d  h e a t  a n d  p o w e r  (CHP) [5].
D eb a te  o v er  th e  a d v a n ta g e s  or o th e r w is e  o f  p ro d u c in g  
0 fu e ls  or b io e n e r g y  is  in te n s e  in  b o th  p e e r -r e v ie w e d  jo u r n a ls  
id  th e  g e n e r a l m e d ia  [9-17]. B io fu e ls  a n d  b io e n e r g y  c a n  o n ly  
ipp ly  a sm a ll fra ctio n  o f  cu rren t e n e r g y  d e m a n d  d u e  to  th e  
c t  th a t  la n d  is  a f in ite  re so u rce . T h e  c o m p e tit io n  for la n d  
ith  fo o d  cro p s h ig h lig h ts  th a t  n e t  e n e r g y  y ie ld  p er  h e c ta r e  is  
m a jo r  c o n c e r n  b e tw e e n  a ltern a tiv e  e n e r g y  crop s [18-20]. 
s in g  fo o d  p r ices  h a v e  b e e n  a ttr ib u ted  in  p art to  d e m a n d  for  
0 fu e ls  [e.g. Ref. [19]. T h e  p o te n t ia l GHG e m is s io n  sa v in g s  
Dm b io e n e r g y  a n d  b io fu e ls  are n o t  c lea r  a n d  v a ry  w id e ly  
co rd in g  to:
th e  c r o p /fe e d sto c k  c h o s e n  a n d  h o w  it  is  u s e d  (pow er, h ea t, 
CHP, or e th a n o l a n d  b io d ie se l  for tran sp ort), 
th e  r e fe r e n c e  s y s te m  for la n d  u s e  [2 1 ] a n d  n o n -r e n e w a b le  
fu e ls , a n d
th e  a m o u n t  o f  a g r o c h e m ic a l u s e  [2 2 ].
R igh ela to  a n d  S p rack len  [16] su g g e s t  th a t  “ th e  carb on  
q u e ste r e d  b y  re s to r in g  fo r e sts  is  g rea ter  th a n  th e  e m is s io n s  
o id e d  b y  th e  u s e  o f  th e  liq u id  b io fu e ls ” d u e  to  th e  C 
q u e ste r e d  in  th e  so il  a n d  in  a b o v e-g ro u n d  b io m a ss , an d  
erefo re  argu e for r e fo r e s ta t io n  a n d  fo r e st  m a in te n a n c e . T h e  
gh va r ia b ility  in  th e  im p a c ts  o f  b io e n e r g y  h a s  le d  th e  W W F  
d e v e lo p  th e ir  o w n  s ta n d a r d s [23].
D e sp ite  r e c o g n it io n  th a t  g lob a l e m is s io n s  d u e  to  la n d -u s e  
a n g e s  s in c e  th e  In d u str ia l R ev o lu tio n  h a v e  co n tr ib u ted  to  
obal W a rm in g  a t th e  s a m e  ord er o f  m a g n itu d e  as th e  
m b u s tio n  o f  fo s s il  fu e ls  [24,25], d eg ra d a tio n  o f  so il  carb on  
s  n o t  b e e n  p ro p er ly  a n d  c o n s is te n t ly  a d d r e sse d  in  th e  
v ir o n m e n ta l a s s e s s m e n t  o f  agr icu ltu re  a n d  fo restry  
s te m s . S o m e  s tu d ie s  h a v e  a tte m p te d  to  q u a n tify  th e  r a te s  o f  
;e q u e s tr a t io n /e m is s io n s  a sso c ia te d  w ith  la n d  u s e  a n d  la n d -  
e c h a n g e s , m a in ly  u s in g  m o d e ls  s im u la t in g  o rg a n ic  m a tter  
m o v er  a s  p art o f  th e  r e n e w a b le  carb on  c y c le  [26]. In a d d itio n , 
iC lo s s  is  a m a jo r  c a u s e  o f  so il  q u a lity  d eg ra d a tio n  [27-30], 
l ic h  is a m a jo r  c o n c e r n  d u e  to  th e  sc a rc ity  o f  fer tile  la n d  
5,31]. Land u se  is  r e c o g n is e d  as th e  m a in  driver o f  so il  
grad ation , a lth o u g h  im p a c ts  o n  so il  q u a lity  c a n  a lso  b e  
n efic ia l d e p e n d in g  o n  la n d  m a n a g e m e n t  p ra c tices . In fact, in  
n tra st to  a n n u a l cro p s, p e r e n n ia l c ro p p in g  s y s t e m s  te n d  to  
c u m u la te  SOC a n d  s o m e  e n e r g y  cro p s, su c h  as S hort-R ota- 
n  C op p ice  (SRC) w illo w , c a n  a lso  se r v e  for r e m e d ia tio n  o f  
n ta m in a te d  so il  [32,33]. It is  th e re fo re  o f  p a r a m o u n t im p o r-  
ic e  to  in c lu d e  SOC c h a n g e s  [26] a n d  so il  q u a lity  e f fe c ts  w h e n  
m p arin g  th e  e n v ir o n m e n ta l im p a c ts  o f  d ifferen t b io e n e r g y  
id  u se s . A s r e c o g n is e d  b y  Larson  [21], m a n y  LCA s tu d ie s  
lore th e  c h a n g e s  in  SOC a sso c ia te d  w ith  g r o w in g  b io m a ss;
e .g . o f  th e  24  LCA s tu d ie s  p u b lish e d  in  B io m a ss  & B io en er g y  [34 -  
57], o n ly  s ix  c o n s id e r  SOC [34,36,43 ,44,48,50]. F u rth erm ore, 
th e r e  is  n o  c o m m o n  m e th o d o lo g y  in  th e s e  s tu d ie s  a n d  o th e r s  
[58-60]. C learly  a s y s te m a t ic  a n d  h a r m o n is e d  m e th o d  for  
c o n s id e r in g  SOC c h a n g e s  in  LCA is  n e e d e d .
In a d d itio n  to  so il  organ ic  carb on  (SOC) [31,61-64]; e r o s io n
[64], m icro b ia l b io m a ss , sa lin isa tio n  [65], a n d  e c o s y s te m  th er-  
m o d y n a m ic s /e x e r g y  [6 6 ] h a v e  b e e n  su g g e s te d  a s  p o ss ib le  
in d ica to rs  for la n d -u s e  im p a c ts  in  LCA. H o w ev er , SOC, 
e x p r e s se d  as k g  C y ea r  p r e s e n t  or a b se n t  in  so il  d u e  to  th e  la n d  
u se  s tu d ie d , is  s e le c te d  as a p r o m is in g  s ta n d -a lo n e  in d ica to r  
b e c a u se  o f  its  c lo se  a sso c ia t io n  w ith  m o s t  so il  fu n c tio n s;  o p e r ­
a tio n a l m e th o d s  to  in c lu d e  it  in  LCA h a v e  a lrea d y  b e e n  s u g ­
g e s te d  [31] a n d  it  is  o f  o b v io u s im p o r ta n c e  for carb on  in v e n to r y  
c a lc u la t io n s . In d eed , th e  SOC in d ica to r  p ro v id es  d irec tly  r e le ­
v a n t  in fo r m a tio n  for th e  a s s e s s m e n t  o f  a sy s te m 's  n e t  c o n tr i­
b u tio n  to  GWP th r o u g h  th e  e f fe c t  o n  th e  so il  carb o n  p oo l. 
B e sid es , th e  e ffe c ts  o n  SOC from  th e  sa m e  la n d  u se  in  d ifferen t  
re g io n s  in  th e  w o rld  are p o te n tia lly  v ery  variab le; th u s , cu rren t  
d e v e lo p m e n t  o f  life  c y c le  in v en to r y  te c h n iq u e s  to  id e n tify  th e  
in d irec t la n d -u s e  c h a n g e s  from  b io en erg y  p ro d u ctio n  w il l  b e  
h ig h ly  r e le v a n t  for th e  a p p lica tio n  o f  th is  in d ica to r  [67].
T h e  p u r p o se  o f  th is  p a p er  is  to  c o m p a r e  d iffe r e n t  la n d  u s e s  
for e n e r g y  a n d  to  a s s e s s  th e  im p o r ta n c e  o f  SOC c h a n g e s  for  
th e  GHG b a la n c e  a n d  for th e  so il q u a lity  im p a c ts  o f  e n e r g y  
cro p s. Four ty p e s  o f  la n d  u s e  r e le v a n t  to  b io e n e r g y  p r o d u c tio n  
in  th e  UK h a v e  b e e n  a s s e s s e d  h ere: a n  a rab le  crop , tw o  
d iffe r e n t  lig n o -c e llu lo s ic  en e r g y  cro p s a n d  fo rest . O ilS eed  
R ape (OSR) (Brassica napus) is  c h o s e n  b e c a u s e  o f  its  p o p u la r ity  
in  E urope a s  a n o n -c e r e a l  arab le crop  u s in g  s o m e  43% o f  arab le  
la n d  in  th e  UK [2]. T h e  lig n o -c e llu lo s ic  cro p s c o n s id e r e d  are  
w illo w  (Salix spp .) u n d e r  a sh o r t-r o ta t io n  c o p p ic e  (SRC) 
re g im e , a n d  e le p h a n t  g ra ss (M iscanthus x gigan teus), a s  th e s e  
are th e  m o s t  r e le v a n t  for UK c o n d itio n s . T h eir  cu r r e n t  
p ro p o rtio n  o f  agricu ltu ra l la n d  u s e  is  in s ig n if ic a n t  (< 0 .0 1 %) b u t  
w o u ld  g ro w  su b s ta n t ia lly  i f  r e c o m m e n d a tio n s  b y  th e  R oyal 
C o m m iss io n  o n  E n v iro n m en ta l P o llu tio n  [6 8 ] are fo llo w e d  a n d  
th e  m a r k e t  for e n e r g y  cro p s d e v e lo p s . F orest is  a m a jo r  la n d  
u s e  (11.7% o f  UK tota l). T h e  p o p u la r  fo r e str y  crop  S itk a  S p ru ce  
(Picea sitchensis) a n d  its  r e s id u e s  are m o d e lle d .
S e c t io n  2 b rie fly  e x p la in s  th e  m e th o d o lo g y  fo llo w e d  in  th e  
s tu d y  a n d  d e sc r ib e s  th e  s y s t e m s  u n d e r  a n a ly s is , a s  w e l l  a s  th e  
a s s u m p t io n s  m a d e , g o a ls  an d  b o u n d a r ie s , d a ta  so u r c e s , e tc . 
T h e m a in  e n v ir o n m e n ta l im p a c ts  are rep o rted  in  S e c t io n  3, 
a lo n g  w ith  th e  s e n s it iv ity  a n a ly se s , a n d  d is c u s s e d  in  S e c t io n  4. 
F in a lly  S e c t io n  5 h ig h lig h ts  th e  m a in  c o n c lu s io n s  d e r iv e d  fro m  
th is  stu d y .
2. Application of life cycle assessment to 
land use for energy
LCA is  a s y s t e m s  a n a ly s is  to o l th a t  p r o v id e s  in fo r m a t io n  o n  
th e  fu ll e n v ir o n m e n ta l e f fe c ts  o f  a p ro d u ct, s e r v ic e  or s y s t e m  
fro m  its  crad le  (ex tr a c tio n  o f  ra w  m a ter ia ls )  to  its  g rave (w a s te  
m a n a g e m e n t) . It g a th e r s  in fo r m a tio n  o n  a ll th e  in p u ts  a n d  
o u tp u ts  to  a n d  fro m  a p ro d u ct sy s te m , a n d  a s s e s s e s  th e  
p o te n t ia l e n v ir o n m e n ta l im p a c ts  a s s o c ia te d  w ith  t h e s e  in p u ts  
a n d  o u tp u ts . F urther in fo r m a tio n  o n  th is  m e th o d  c a n  b e  fo u n d  
in  R efs. [69-72]. T h is  LCA stu d y  fo rm s p a rt o f  a la rg er
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o m p a r iso n  o f  th e  e n v ir o n m e n ta l im p a c ts  a sso c ia te d  w ith  
lifferen t sy s t e m s  for e n e r g y  p ro d u ctio n  a n d  u s e  fro m  la n d  in  
h e UK. T h e e x p o s it io n  fo llo w s  th e  s te p s  in  LCA id e n tif ie d  in  
h e r e le v a n t  in te r n a tio n a l s ta n d a rd  [73].
.1. Goal and scope of the LCA
’h e  fo c u s  o f  th is  s tu d y  is  th e  c u lt iv a t io n  o f  cro p s for en erg y , 
h e  s c o p e  c o v e r s  th e  ‘c r a d le - to -g a te ’ s ta g e  o f  th e  life  cy c le , 
rom  ex tr a c t io n  o f  ra w  m a te r ia ls  th r o u g h  agricu ltura l
a c t iv it ie s  a n d  p r o d u c tio n  to  th e  p o in t  w h e r e  th e  crop  is  h a r ­
v e s te d  a n d  rea d y  for tran sp ort. T h e  sp ec ific  o b je c tiv e s  are to:
1. D e te r m in e  w h ic h  life  c y c le  s ta g e s  o f  r e p r e se n ta tiv e  
b io m a s s  fe e d s to c k s  co n tr ib u te  th e  g r e a te s t  e n v ir o n m e n ta l  
im p a c ts , in c lu d in g  la n d -u se  r e la te d  so il  e m iss io n s ;
2. C om p are d iffe r e n t la n d  u s e s  in  th e  UK for th e  p r o d u c tio n  o f  
b io m a s s /b io fu e ls .
T h is  p a p er  rep o rts  o n  an  LCA stu d y  o f  fo u r  sp e c ific  la n d  
u s e s  in  th e  UK. It is  in te n d e d  to  b e  r e p r e s e n ta tiv e  o f  a v e r a g e  
UK p r a c tic e s , a n d  care  sh o u ld  b e  ta k e n  n o t  to  d ra w  c o n c lu ­
s io n s  fro m  th is  s tu d y  for c o m p a r iso n  b e tw e e n  d iffe r e n t  
r e g io n s  w ith in  or o u ts id e  th e  UK.
T h e re fe r e n c e  u n it, i.e . th e  re fe r e n c e  m e a su r e  for w h ic h  th e  
e n v ir o n m e n ta l b u rd en s are e x p r e sse d , is  ta k e n  a s  1  h a  o f  la n d  
for o n e  y e a r  (1 h a  x yr). T o sh o w  th e  s ig n ific a n c e  o f  th e  r e su lts  
for LCA o f  e n erg y  sy s te m s , th e y  are c o n v e r te d  in to  in d ic a tiv e  
v a lu e s  for th e  w h o le  fu e l cy c le , e x p r e s se d  in  te r m s o f  e n e r g y -  
b a se d  u n its  (1 GJ o f  e n erg y  in  th is  ca se), u s in g  r e p r e se n ta tiv e  
v a lu e s  o f  n e t  e n erg y  y ie ld  an d  a v o id ed  en e r g y  u se . H o w ev er , a n y  
d eta ile d  s tu d y  w ill  req u ire  sp ec ific  figures for th e s e  p a r a m e te r s .
U K -sp ecific  d a ta  h a v e  b e e n  u se d . In p u t d a ta  w e r e  c o lle c te d  
fro m  v a r io u s  s tu d ie s  [74-76]. D a ta  for p r o d u c tio n  o f  a n c illa r y  
m a te r ia ls  a n d  m a c h in e r y  h a s  b e e n  o b ta in e d  fro m  e x is t in g  
d a ta b a se s , a s d e sc r ib e d  in  th e  r e le v a n t  s e c t io n s . T h e  m a in  
LCA d a ta b a se  u se d  is  e c o in v e n t  2000  v e r s io n  1.2 (h t tp : / /w w w . 
e c o in v e n t .c h )  [77-80] w h ic h  is  su f f ic ie n tly  c o m p r e h e n s iv e  to  
co v er  th e  o p e r a tio n s  in  th e  b io e n e r g y  su p p ly  ch a in .
2.2. Systems description
2.2.1. Land use I: oilseed rape
O ilS eed  R ape (OSR) is  a n  a n n u a l arab le  crop , fa r m e d  p r im a r ily  
for it s  v e g e ta b le  o ils , u se d  in  h u m a n  fo o d . H o w ev er , OSR is  
b e c o m in g  in c r e a s in g ly  p o p u la r  for e n e r g y  p u r p o se s :  r e f in e d  
r a p e se e d  o il a n d  b io d ie se l  from  OSR c a n  b o th  b e  u se d  a s  fu e ls .
Life c y c le  s ta g e OSR M iscanthus W illo w  SRC F o rest r e s id u e s
S e e d s  (kg) P r o p a g a tio n 5
C u tt in g s /s e ts P r o p a g a tio n 6 2 5 0 /3 1 3
R h iz o m e s  (kg) P r o p a g a tio n 53
N  fe r t i lis e r  (kg N) F e r tilisa tio n 196 .0 5.3
P fe r t ilis e r  (kg P2O5) F e r tilisa tio n 50.0 4 .8
K fe r t ilis e r  (kg KgO) F e r tilisa tio n 48 .0 5.1
L im e (kg CaO) F e r tilisa tio n 19 158
M a n g a n e s e  (I MnSO^) F e r tilisa tio n 4
P esticid es®  (kg) P e st  co n tr o l 2 .80 0 .51 2.25
S o ftw o o d  (kg) W e e d  c o n tr o l 8 .6
S te e l (kg) W e e d  c o n tr o l 12 .3
P r eserv a tiv e  (kg) W e e d  c o n tr o l 2 .8
D ie s e l fu e l (GJ) M e c h a n isa t io n , tra n sp o r t , s to r a g e 2.39 2.48 1 .14 0 .4 0
M otor sp ir it  (GJ) M e c h a n isa t io n 0 .59
F u el o il (GJ) D ry in g 1
L u b rica tin g  o il (MJ) M e c h a n isa t io n 1 0
E lectr ic ity  (kW h) S torage 33
M a c h in e r y /s p a r e s  (MJ) M e c h a n isa t io n 158 107
a In c lu d e s  h e r b ic id e s  a n d  fu n g ic id e s .
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rab le  2 -  E m issions o f am m o n ia  (NH3 -N a s  % lo ss  o f N 
lontent) from  m in e ra l fe rtilise rs  (adap ted  from  [101] in  
100]).
T able 3 -  E m issions o f n itro u s  ox id e  (N2 O-N a s  % lo s s  o f N 
con ten t) from  m in e ra l fe rtilise rs  (ad ap ted  from  [101] in  
[100]).
Inputs (m in era l fer tilisers) A m m o n ia  (NH 3 -N) e m is s io n s  
to  air (% lo s s  o f  N  c o n te n t)
A m m o n ia , d ire c t a p p lic a t io n 1 .0
A m m o n iu m  n itr a te 2 .0
A m m o n iu m  p h o s p h a te 4 .0
A m m o n iu m  s u lp h a te 8 .0
C alcium  a m m o n iu m  n itr a te 2 .0
C om p o u n d  N 4 .0
T itrogen  s o lu t io n s 2.5
STKN 2 .0
\JPK N® 4.0
D ther NP N 3.0
e th e r  s tr a ig h t  n itr o g e n 2.5
Total s tr a ig h t  n itr o g e n ’’ 4 .0
Jrea 15.0
Ï A s s u m e d  to  b e  h a lf  n itr a te , h a lf  a m m o n iu m .
) T h is  s h o u ld  o n ly  b e  u s e d  i f  n o  in fo r m a tio n  is  a v a ila b le  o n
e r tilise r  c o n s u m p t io n  o f  t h e  in d m d u a l  c a te g o r ie s .
ipe str a w  is  a s s u m e d  h e r e  to  b e  p lo u g h e d  b a ck  in to  th e  lan d , 
a d iffe r e n t  sc e n a r io  w h e r e  str a w  w o u ld  h a v e  b e e n  ex p o rted  
3m  th e  s y s te m , th e  so il  ca rb o n  e m is s io n s  w o u ld  b e  a ro u n d  
1 0 1 C h a " ’- yr" ’ [81]; in co rp o ra tin g  th e  str a w  re d u c e s  th e  lo s s  
' ty p ic a lly  0 .1 6 1 C h a " ’ [81] so  th a t  th e  to ta l SOC lo s s  is  a rou n d  
2 4 1C  h a " ’ . If th e  str a w  w e r e  r e m o v e d  as a co -p ro d u c t, th e n  
lo ca tio n  o f  th e  to ta l e n v ir o n m e n ta l b u r d e n s  b e tw e e n  th e  
p e se e d  a n d  th e  rap e str a w  w o u ld  b e  n e e d e d . T h e  su b se q u e n t  
ages o f  so lv e n t  e x tr a c tio n , re fin in g  an d  es tér if ica tio n , in  
l i c h  d ried  r a p e s e e d  is  p r o c e s se d  in to  cru d e  r a p e s e e d  o il an d  
p e m ea l; a n d  th e  o il is  fu r th er  p r o c e s s e d  in to  re fin ed  rap e- 
e d  o il w h ic h  is  th e n  c o n v e r te d  in to  b io d ie s e l  an d  cru d e  
/c e r in e , are n o t  part o f  th e  s c o p e  an d , th u s , n o t  c o n sid e r e d .
1.2. Land u se  II: M is c a n th u s
scanthus  (M. x giganteus), a lso  k n o w n  a s  e le p h a n t  grass, is  a C4 
r en n ia l en e r g y  a n d  fibre crop. A ltern a tiv e  u se s  in c lu d e  
im a l b ed d in g , p a p er  m a k in g , b io p o ly m e r  m a n u fa c tu re , an d  
D degradable p ro d u cts p r o d u ctio n  (e.g. flo w erp o ts). M iscanthus 
In d igen ou s to  A frica  a n d  A sia  b u t  is  n o w  g ro w n  c o m m e r c ia lly  
th e  UK [68,76,82-84]. T h ere  are, cu rren tly , a rou n d  
,600 h a  o f  M iscanthus c u lt iv a tio n  in  E ngland  an d  W a les  [85]. 
M iscanthus  is  p ro p a g a te d  v e g e ta t iv e ly  fro m  r h iz o m e s  or b y  
Lcro-propagation, fro m  c o m m e r c ia lly  a v a ila b le  m a ter ia ls  
rich  c a n  b e  p la n te d  u s in g  e x is t in g  m a c h in e r y  for m o re  
m m o n  cro p s. W e e d  c o n tro l a n d  fe r tilis e r  in p u ts  are e s s e n -  
1 at e s ta b lish m e n t  b u t n o t  su b se q u e n tly . M iscanthus is  
r v e s te d  a n n u a lly  in  w in te r  b y  c u ttin g  a n d  b a lin g  in to  5 -  
0 kg H e s to n  b a le s , w h ic h  are s to r e d  o u ts id e  prior to  b e in g  
in sp o r ted  to  th e  e n d  u ser .
M iscanthus ty p ic a lly  h a s  a u se fu l c ro p p in g  c y c le  o f  20  y ea rs , 
h o u g h  it  ta k e s  o n e  y ea r  for e s ta b lis h m e n t  [8 6 ]; th is  s tu d y  
sû m e s  o n e  y ea r  for e s ta b lish m e n t  fo llo w e d  b y  19 y ea rs  o f  
D duction. T h e y ie ld  o f  a m a tu r e  crop  c a n  b e  up  to  20  o v e n -  
.ed to n n e s  (odt^) p er  h e c ta r e  a n d  y e a r  (odt h a " ’ yr"’) [87,88]. 
scanthus ta k e s  th r e e  y e a r s  to  m a tu r e , d u r in g  w h ic h  p eriod
In p u ts (m in era l fer tilisers) N itro u s o x id e  (NgO-N) 
e m is s io n s  to  air  
(% lo s s  o f  N  co n te n t)
A m m o n iu m  (so il te m p e r a tu r e s  0 -1 0  °C) 0 .40
A m m o n iu m  (so il te m p e r a tu r e s  1 0 -2 0  °C) 0 .50
N itr a te  (so il te m p e r a tu r e s  0 -1 0  °C) 1 .70
N itra te  (so il te m p e r a tu r e s  1 0 -2 0  °C) 1 .1 0
NPK N® (so il te m p e r a tu r e s  0 -1 0  °C) 1.05
NPK N® (so il te m p e r a tu r e s  1 0 -2 0  °C) 0 .80
U rea  (so il te m p e r a tu r e s  0 -1 0  °C) 0 .80
U rea  (so il te m p e r a tu r e s  1 0 -2 0  °C) 3.00
a A s s u m e d  to  b e  h a lf  n itr a te , h a l f  a m m o n iu m .
th e  y ie ld  is  lo w er . D ata  o n  y ie ld , in p u ts , o u tp u ts , a n d  C 
se q u e s tr a t io n  w e r e  o b ta in e d  fro m  th e  lite ra tu re  [74 ,89 -92 ]. A n  
e f fe c t iv e  a n n u a l y ie ld  o f  1 9 .2 1 h a " ’ yr" ’ (25% m o is tu r e  c o n te n t  
-  14 .4  o d t  h a " ’ yr" ’) a fter  20% lo s s e s  d u r in g  h a r v e s t  an d  
s to r a g e  is  a ssu m e d ^  [74]. H o w ev er , im p r o v e d  c u lt iv a t io n  
p r a c t ic e s  a n d  cu ltiv a r s  h a v e  b e e n  s h o w n  to  g iv e  h ig h e r  y ie ld  
or, a ltern a tiv e ly , to  e n a b le  p o o rer  la n d  to  b e  u s e d  [86,93].
M iscanthus  is  a s im p le  p ro d u ct so  n o  a llo c a t io n  o f  e n v i ­
r o n m e n ta l im p a c ts  is  n e c e s sa r y .
2 .2 .3 . L and u se  III: w il lo w  SRC
W illo w  SRC is  a fa s t -g r o w in g  p e r e n n ia l w o o d y  crop  th a t , w h e n  
h a r v e s te d , c h ip p e d  a n d  dried , c a n  b e  u s e d  a s  a fu e l  for h e a t  
a n d  p o w e r  g e n e r a tio n  [84]. T h ere  are, cu rren tly , a ro u n d  
2600  h a  o f  W illo w  SRC in  E ngland  a n d  W a le s  [85].
Like M iscanthus, w il lo w  is  p ro p a g a te d  v e g e ta t iv e ly  u s in g  
c o m m e r c ia lly  a v a ila b le  cu ttin g s; p e s t  a n d  w e e d  c o n tr o l are  
e s s e n t ia l  in  th e  first tw o  y ea rs . SRC ta k e s  u su a lly  o n e  y e a r  to  
g e t  e s ta b lish e d , fo llo w e d  b y  a p r o d u c tiv e  p e r io d  o f  1 5 -3 0  y ea rs .
T h e  crop  is  h a r v e s te d  e v e r y  th r e e  y e a r s . T h er e  are d iffe r e n t  
h a r v e s t in g  te c h n iq u e s :  c o m b in e d  h a r v e s t in g  a n d  b a lin g , a n d  
s t ic k  h a r v e s t in g  a n d  b a lin g . T h e  h a r v e s te d  crop  is  c o m m o n ly  
s to r e d  o n -fa r m  as b ille ts . It c a n  th e n  b e  c h ip p e d  or p r o c e s se d  
in to  g r a n u le s  [94].
T h e  average y ie ld  o f  a m a tu re  crop  o f  cu rren t cu ltiv a r s is  
ty p ic a lly  9.5 o d t h a " ’ yr"’ [74], b u t y ie ld s  are r is in g  w ith  
th e  in tro d u ctio n  o f  im p r o v ed  stra in s a n d  ca n  b e  in  e x c e s s  
o f  20 o d t h a " ’ yr"’ [95]. A  16-year ro ta tio n  a v era g in g  
9.5 od t h a " ’ yr"’ is  a s su m e d  h ere , a lth o u g h  ro ta tio n s  c a n  la s t  for  
30 years. B io m a ss y ie ld s  for th e  w h o le  ro ta tion  are th e re fo re  
a ss u m e d  to  b e  152 od t h a " ’ . Stick h a r v e s tin g  an d  b a lin g  w a s  a lso  
a ssu m e d  b e c a u se  it  is  th e  m o s t  d o m in a n t. N o  a llo c a t io n  is  
n e c e s sa r y  as th ere  is  n o  co -p ro d u ctio n . A  se n s it iv ity  a n a ly s is  is  
p resen ted , sh o w in g  th e  variab ility  o f  re su lts  a cco rd in g  to  
d ifferen t y ie ld s, ro ta tion  p er io d s a n d  carb on  se q u e s tr a tio n  rates.
2 .2 .4 . Land u se  IV: f o r e s t  re s id u es
F o rest r e s id u e s  re fer  to  a ll fo r e st  m a te r ia l w h ic h  m a y  b e  o f  to o  
p o o r  a q u a lity  for tr a d itio n a l t im b er  m a r k e ts , in c lu d in g  r e s i­
d u e s  a r is in g  fro m  fo r e str y  o p e r a t io n s , s u c h  a s  to p s  o f  s t e m s .
At 0% m oisture con ten t, for practical purposes.
 ^ L osses are due to crop tram pling by m ach inery , to e x c e ss iv e  
m oisture  co n ten t and to fa llen  lea v es and tops.
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L and u se C se q u estered ^  (t C) R eferen ce
OSR - 0 .2 4  ± 0 .0 8 [81]
M iscanthus 0 .62 [103]
W illo w  SRC: 0 .09  -  0 .18 [103]
F o rest 0 .32 [103]
a N e g a t iv e  v a lu e  in d ic a te s  C -e m is s io n  to  a tm o s p h e r e .
Quality
(tC-ha-1)
;ide b r a n c h e s  (w h ic h  m a y  in c lu d e  fo lia g e ), d is e a s e d  w o o d  a n d  
ie a d w o o d  [96], a s  w e ll  a s  th o s e  d er iv ed  fro m  c h u n k s  fro m  
;aw n  tim b er  m illin g  w a s te  [74]. T h e se  m a te r ia ls  are n o r m a lly  
r ea ted  as w a s te , or a t b e s t  c o n s id e r e d  a b y -p ro d u ct. T h e  
J iom ass E nergy C en tre [97] e s t im a te s  th a t  a lm o s t  6.5  m illio n  
)dt p er  y ea r  c a n  b e  m a d e  a v a ila b le  fro m  UK fo r e st  a n d  
v o o d la n d s , c o n s id e r in g  te c h n ic a l a n d  e n v ir o n m e n ta l  
:o n stra in ts , b u t n o t  e c o n o m ic  a n d  m a rk et co n str a in ts , 
n se n s it iv e  h a r v e s tin g  o f  r e s id u e s  fro m  fo r e s ts  ca n  h a v e  
le tr im e n ta l im p a c ts  o n  b io d iv ersity .
Like th e  o th e r  la n d  u s e s , th e  s y s t e m  is  b a se d  o n  ty p ic a l 
iractice  in  th e  UK [74]. S in ce  th e  r e s id u e s  w ill  b e  p ro d u ced  
w hether th e y  are u se d  or n o t, a llo c a t io n  o f  th e  e n v ir o n m e n ta l  
oad  b e tw e e n  fo r e st  r e s id u e s  a n d  th e  o th e r  co -p r o d u c ts  
sa w lo g s  a n d  sm a ll ro u n d w o o d ) w a s  n o t  n e c e s sa r y  as fo r e st  
e s id u e s  are e s se n t ia lly  w a s te . A s a resu lt, o n ly  th e  en v iro n -  
n e n ta l lo a d  re la ted  to  th e  c o lle c t io n , e x tr a c t io n , tran sp ort, 
Irying an d  sto r a g e  an d  c h ip p in g  is  in c lu d e d . Part o f  th e  res i-  
lu es o r ig in a te s  from  c h u n k s  fro m  th e  sa w lo g s  rou te . T h e  
■ nvironm ental lo a d  o f  tra n sp o r t a n d  m ill in g  o f  sa w lo g s  w e r e  
llo c a te d  to  tim b er  as th e  p r im ary  p rod u ct. T h e  c h u n k s  w e r e  
o n s id e r e d  to  b e  a w a s te  p ro d u ct a n d  th e ir  tra n sfo r m a tio n  in to  
h ip s  regard ed  as a m e a n s  o f  v a lo r isa tio n ; th e re fo re , a ll in p u ts  
e la te d  to  c h ip p in g  o f  c h u n k s  w e r e  a llo c a te d  to  th e  ch ip s .
.3. Inventory analysis
L life  c y c le  in v en to r y  a n a ly s is  h a s  b e e n  carried  o u t  for e a c h  la n d  
se . T h e s ta g e s  ad o p ted  in clu d e: cu lt iv a tio n , regen era tio n , 
a rv esü n g , b a lin g , tran sp ort, ch ip p in g , drying, an d  storage. T h e  
ip u ts  co n sid er ed  in c lu d e  a g ro ch em ica ls  (fertiliser, p e st ic id e s , 
erb ic id e , m a n g a n e se ) , s e e d s , tree  se e d lin g s , c u ttin g /se ts , 
h izo m es, liq u id  fu e ls , lu b r ica tin g  oil, e lec tr ic ity , m a c h in e r y / 
pares, so ftw o o d , s te e l, preservative; th e  la tter  th ree  u se d  for 
Bncing (Fig. 1). P ost-farm  p r o c e s s in g  is  n o t  co n sid er ed .
G en eric  LCA d a ta  u se d  for fa rm  o p e r a tio n s  in c lu d e  fu e l, 
irm  m a c h in e r y  a n d  s te e l  p ro d u ctio n  for m a c h in e r y  sp a re s . 
.11 c o m e  from  th e  e c o in v e n t  2000  v  1.2 d a ta b a se . F ertiliser  
r e d u c tio n  d a ta  h a v e  b e e n  o b ta in e d  fro m  a n  e x is t in g  s tu d y
SOPn.-
soc.„ -
R, Relaxation rate
relaxation
‘fin ‘ relax relax,p
Fig. 2 -  C alculation o f im pac ts  o n  soil q u a lity  m e a s u re d  by  
SOC.
[98] (u sed  w ith in  th e  e c o in v e n t  d a ta b a se), a s  w e l l  a s  c o m m o n  
p ra ctice  in  th e  fie ld  in  th e  UK [74]. G en eric  LCA d a ta  u s e d  for  
h a r v e s t  a n d  p o s t -h a r v e s t  o p e r a t io n s  in c lu d e  fu e l a n d  e le c ­
tr ic ity  (UK g e n e r a t in g  m ix ). T ab le  1 s u m m a r is e s  th e  m a in  
in p u ts  in  e a c h  la n d  u se .
N u tr ie n t-r e la te d  e m is s io n s  fro m  so il  (NH 3 ; N 2 O; NO^; NOJ; 
PO4 "; CH4 ) h a v e  b e e n  o b ta in e d  fro m  lite ra tu re  v a lu e s  for cro p s  
in  gen era l:
■ N H 3 -N  e m is s io n  fa c to r s (e x p r e sse d  as % lo s s  o f  N  c o n te n t)  
fro m  [99] h a v e  b e e n  u se d  fo llo w in g  th e  r e c o m m e n d a t io n  o f
[100]; s e e  T ab le  2.
■ For N 2 O e m is s io n s , th e  e m is s io n  fa c to r s  for m in e r a l fe r t il­
is e r s  [101] h a v e  b e e n  u sed ; s e e  T ab le  3. For o rg a n ic  fe r t il­
ise r s , th e  c o n te n t  o f  n itr a te  a n d  a m m o n iu m  N  h a s  b e e n  
u s e d  w ith  th e  fa c to r s  in  T ab le 2 for n itr a te  a n d  a m m o n iu m .
■ NOx-N h a s  b e e n  c o n s id e r e d  as 10% o f  N 2 O -N  [100], [p. 49].
■ N O f a n d  P 0 |"  h a v e  b e e n  o b ta in e d  fro m  lite r a tu r e  v a lu e s  as  
15 k g  N -N O J h a " ’ y r" ’ a n d  1 k g  P-PO4 " h a " ’ yr" ’ [62].
■ A n  e m is s io n  o f  1 k g  o f  CH4  to  th e  air p er  e a c h  150 k g  o f  N  
a p p lied  a s  a m m o n iu m  fer tilis e r  h a s  b e e n  in c lu d e d  [1 0 0 ], 
[p. 58].
C a lcu la tion  o f  c h a n g e s  in  so il q u a lity  a n d  CHC e m is s io n s  
req u ires e s t im a te s  o f  th e  e ffe c ts  o f  th e  p r o d u c tio n  s y s t e m  o n  
s o il  organ ic  carb on  (SOC). D ata  o n  th e s e  are b a se d  o n  R efs. 
[81,102,104]. T ab le 4  in c lu d e s  v a lu e s  o f  so il  ca rb o n  e m is s io n s  or  
s e q u e s tr a tio n  for all la n d  u s e s  an d  T ab le 5 in c lu d e s  in it ia l s to c k s  
o f  carb on  for all la n d  u se s . It is  a s s u m e d  th a t  a ll C c a p tu r ed  as  
SOC c o m e s  fro m  a tm o sp h e r ic  CO2  th r o u g h  p h o to s y n th e s is ,  a n d  
th a t  a ll SOC d eg ra d ed  is  e m itte d  a s  CO2 to  t h e  a tm o s p h e r e .
SOCini
(t C h a " ’)
SOCini — SOCfin 
(t C h a " ’)
SOCpot
(t C h a " ’)
hni tfin
(years) (years)
AC CF 
(t C y r h a " ’ yr" ’)
OSR 80 [1 0 2 ] - 0 .2 4  [81] 150 [102] 1 1 0 0 .8 122 .7
M iscan th u s 80  [1 0 2 ] ± 0 .6 2  [103] 150 [102] 1 98.1 - 6 5 .3
W illo w  SRC 80 [1 0 2 ] ± 0 .1 4  [103] 150 [102] 1 99.6 4 0 .3
F o r es t  r e s id u e s 130 [102] 0 150 [102] 1 1 0 0 .0 2 0 . 0
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Land Use
□  Soil
B S to rage
□  Drying
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□  M echanisation
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g. 3 -  Global W a n n in g  P o ten tia l of d iffe ren t lan d  u se s  p e r 
ference u n it (h a“ ^ y r“ )^ an d  th e ir  re la tive  con tribu tion  
am d ifferen t sources.
4. Im pact a ssessm en t
1 0  im p a c t  a s s e s s m e n t  p h a se  h a s  b e e n  p e r fo r m e d  u s in g  
a in ly  th e  CML 2001 m e th o d  [104] d u e  to  its  c o m p r e h e n -
th is  is s u e  a t le a s t  p artia lly . M ore so p h is t ic a te d  m o d e llin g  is  
req u ired  to  in c lu d e  th e  te m p o r a l a sp e c t  in  th e  GWP v a lu e s , in  
a s im ila r  w a y  as su g g e s te d  for w o o d  p r o d u c ts  [105].
So il q u a lity  re fers  to  th e  a b ility  o f  so il  to  su s ta in  life  su p p o r t  
fu n c t io n s  [31,63]: b io tic  p rod u ctio n ; s u b s ta n c e  c y c lin g  a n d  
b u ffer  cap acity ; c lim a te  reg u la tio n . T h e  im p a c ts  o f  p r o d u c tio n  
s y s t e m s  o n  so il  q u a lity  h a v e  n o t  tr a d itio n a lly  b e e n  in c lu d e d  in  
LCA, a n d  th e  r e c o m m e n d a tio n s  o f  M ilà i C an a ls  e t  al. [33] h a v e  
b e e n  fo llo w e d  h ere . P articu larly , M ilà i C an a ls e t  al. [31,33] a n d  
o th e r s  argu e th a t  so il  o rg a n ic  m a tte r  (SOM) c a n  b e  u s e d  a s  an  
in d ic a to r  for so il  q u a lity  w ith in  LCA o f  agr icu ltu ra l sy s te m s :  
an  in c r e a se  in  s o il  org a n ic  m a tte r  d u e  to  th e  so il  m a n a g e m e n t  
p r a c tic e s  im p lie s  a b en efit , w h e r e a s  a n y  d e c r e a se  in  SOM is  
a c c o u n te d  a s  d a m a g e  to  th e  sy s te m . T h e im p a c t  is  m e a su r e d  
a s a carb o n  d efic it  (or cred it, e x p r e s s e d  b y  n e g a t iv e  v a lu e s)  
w ith  th e  u n it  ‘k g  C year', referr in g  to  th e  a m o u n t  o f  ex tra  
c a rb o n  tem p o ra r ily  a d d ed  to  or r e m o v e d  fro m  th e  s o il  in  th e  
s y s te m  s tu d ie d  c o m p a r e d  to  a r e fe r e n c e  s y s t e m  [31].
T h e m e th o d  d e v e lo p e d  for la n d -u s e  LCIA b y  M ilà i C an a ls  
e t  al. [31] h a s  b e e n  s lig h tly  m o d ifie d  to  fo llo w  th e  c o n s id e r ­
a t io n s  in  [33]. T h e  g e n e r a l fo rm u la  u s e d  to  c a lc u la te  c h a r a c ­
te r isa t io n  fa c to r s  (CF) for la n d -u s e  f lo w s  is  s h o w n  in  Eq. (1); s e e  
Fig. 2 for an  e x p la n a tio n  o f  th e  fo r m u la ’s  p a r a m e te r s .
AC [t C y r h a   ^yr  =
(SOCpot — SOCini) X (trelax — tini) +  l/2(trelax — tini) X (SOCini — SOCfin)
(tfin ~  tini)
(1)
/e n e s s  in  te r m s o f  e n v ir o n m e n ta l is s u e s  c o v e r e d  a n d  its  
ien tif ic  s o u n d n e s s . T h e  fo llo w in g  im p a c t  c a te g o r ie s  a n d  
d ica tors h a v e  b e e n  c o n s id e r e d  b e c a u se  o f  th e ir  r e le v a n c e  to  
r icu ltu ra l an d  fo restry  sy s te m s:
Prim ary e n erg y  u s e  (m e a su r e d  in  MJ);
C lim ate c h a n g e  (m e a su r e d  as CWP o f  th e  CHC e m itte d  [104], 
in c lu d in g  e m is s io n s  fro m  SOC d egrad ation);
A cid ification  P o ten tia l [104];
E u trop h ication  P o ten tia l [104];
Soil q u a lity  (th rou gh  c h a n g e s  in  SOC [31]),
T h e  m o s t  n o v e l a sp e c ts  in  te r m s o f  life  c y c le  im p a c t  
s e s s m e n t  m e th o d o lo g y  are th e  in c lu s io n  o f  SOC d egrad a-  
m b o th  for CWP a n d  so il  q u a lity  a s s e s s m e n t . In th e  c a se  o f  
VP, o n e  a d d itio n a l k g  C s to r e d  in  so il  (a p o s it iv e  v a lu e  in  
b le  4) is  e q u iv a le n t  to  a v o id e d  CHC e m is s io n s  o f  - 3 .6 7  kg
w h e r e  SOCpot is  th e  p o te n tia l le v e l  o f  SOC i f  la n d  is  le f t  
u n d istu r b e d ; SOCini th e  SOC le v e l  a t th e  sta r t  o f  th e  la n d  u s e  
stu d ied ; SOCfin is  th e  SOC le v e l  a t th e  e n d  o f  th e  c u lt iv a t io n  
p eriod; th e  stu d ie d  la n d  u s e  sta r ts  a t t im e  fini a n d  e n d s  a t  t im e  
tfin; a n d  a t t im e  t^eiax so il  q u a lity  h a s  rev e r te d  to  th e  le v e l  p rior  
to  la n d  u se . treiax m a y  b e  c a lc u la te d  fro m  th e  r e la x a t io n  ra te  R 
( se e  th ird  a s s u m p t io n  b e lo w ). T h e  e q u a tio n  a s s u m e s  v e r y  
s im p lifie d  s h a p e s  o f  th e  e v o lu t io n  o f  so il  q u a lity , a s su g g e s te d  
in  [33]. T h e  first c o m p o n e n t  o f  th e  n u m e r a to r  r e fers  to  th e  
im p a c ts  d u e  to  th e  p o s tp o n e d  re la x a t io n  o f  th e  s y s t e m  (ligh t-  
co lo u r e d  area  in  Fig. 2), w h e r e a s  th e  s e c o n d  c o m p o n e n t  is  th e  
d a rk -c o lo u r ed  “tr ia n g le ” , referrin g  to  th e  im p a c ts  d u e  to  th e  
c h a n g e  in  q u a lity  d u r in g  th e  o c c u p a tio n . T h e  d e n o m in a to r  
s e r v e s  to  e x p r e s s  th e  c h a r a c te r isa tio n  fa c to r s  p er  h a y r ,  w ith  
all SOC v a lu e s  e x p r e s se d  as t C p er  ha .
For e x a m p le , in  c a lc u la t in g  th e  so il  q u a lity  im p a c ts  o f  OSR, 
w e  h ave:
:[t C y r h a  ^yr"
1 5 0 1 C h a “  ^ -  8 0 1 C h a '^ )  x (100.8 yr -  99 yr) +  1 /2 (1 0 0 .8  yr -  99 yr) x ( 8 0 1 C h a '"  -  79 .76  t C h a '^ )
(100 yr -  99 yr)
=  122.7
)2 -eq . (44 k g  CO2 / 1 2  k g  C), w h e r e a s  1 k g  C r e le a s e d  to  th e  
n o s p h e r e  fro m  SOC d eg ra d a tio n  h a s  a CWP o f  3.67.
It m a y  b e  argu ed  th a t  ca rb o n  se q u e s te r e d  as SOC m a y  b e  
■released to  th e  a tm o sp h e r e  in  a sh o r t  p er io d  o f  t im e , a n d  
erefore th e  CWP a ttr ib u ted  to  s u c h  s e q u e s tr a tio n  sh o u ld  b e  
)ser to  zero . T h e v a lu e s  w e  h a v e  u se d  for th e  s e q u e s tr a tio n  
:es are c a lc u la te d  as m id -te r m  tr e n d s  an d  th u s  in co rp o ra te
T h e  fo llo w in g  a s s u m p t io n s  h a v e  b e e n  m a d e:
-  A ll tr a n sfo r m a tio n  im p a c ts  are a llo c a te d  to  th e  su b s e q u e n t  
1 0 0  y e a r s  o f  cro p p in g , a s o p p o se d  to  th e  s u g g e s t io n  b y  
Ref. [106], w h o  a llo c a te d  a ll tr a n sfo r m a tio n  im p a c ts  to  th e  
first y ea r  o f  cro p p in g . A ll la n d  tr a n s fo r m a tio n s  to o k  p la c e  
m o r e  th a n  100 y e a r s  ago . For m o r e  in fo r m a t io n  o n  th e
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T able 6 -  S um m ary  of y ie lds in  each  la n d  u se  p e r 
reference  u n it (h a ~ ^ y r“ )^ (NB: exc ludes ga te -to -g rave  life
Table 7 -  S u m m ary  o f GHG e m iss io n s  (kg C02-eq.) in  each  
lan d  u se  p e r  reference  u n it (h a “ ^ y r“ )^.
OSR® M iscanthus^ W illo w F orest
OSR® M iscanthus^ W illo w F orest SRC^ residues'^
SRC= residues'^
(A) C r a d le -to -g a te 1833 707 332 1 0
B io m a s s  y ie ld  (t) 2 .9  19 .2  9.5 0 .5 ex c l. SOG
E n ergy  y ie ld ‘d (GJ) 52 .0  345 .6  169.5 8 .6 (B) SOC 880 -2273 -4 9 7 0
E n ergy  14 .1  6 .9  6 .4 0 .1 (C) G r a d le -to -g a te 2763 - 1 5 6 7 - 1 6 5 1 0
r e q u ir e m e n t  (GJ) (A +  B)
N e t  e n e r g y  37 .9  338 .7  163 .2 8.5 (D) G ate-to-grave'^ 344 980 4 32 28
y ie ld  (GJ) (E) T otaU  (G +  D) 3107 - 5 8 7 267 38
(F) A voided® -3509 - 1 0 ,5 0 9 -10,638 - 5 4 0
a D ried  r a p e s e e d . (G) T o ta l in ch -4 0 2 -11,096 - 1 0 ,3 7 1 - 5 0 2
b  M iscan th u s  fu e l fe e d  (25% m o is tu r e  c o n te n t) . avoided'^  (E + F)
c D ried  w o o d  c h ip s  (25% m o is tu r e  c o n te n t) .
d N e t  ca lo r ific  v a lu e  o f  th e  crop  (in d ic a tiv e  v a lu e s  on ly ). a D ried  r a p e s e e d .
c a lc u la t io n  o f  th e  c h a r a c te r isa tio n  fa c to r s  for a ll la n d -u s e  
f lo w s , re fer  to  Ref. [107].
SOCpot for UK a n d  a ll b a ck g ro u n d  u s e s  is  1 5 0 1 C h a “  ^
( tem p era te  w a r m  fo rest , [1 0 2 ])
C h a n g es  in  so il  q u a lity  d u e  to  la n d  u s e  h a v e  b e e n  a s s e s s e d  
r e la tiv e  to  a s itu a tio n  w h e r e  th is  a c tiv ity  is  n o t  u n d er ta k en . 
T h u s, n a tu ra l r e la x a t io n  h a s  b e e n  u se d  a s  th e  r e fe r e n c e  
s y s t e m ‘s [33]. T h e re la x a tio n  rate, R, d u r in g  n a tu ra l r e la x a tio n  
h a s  b e e n  e s t im a te d  as 0 .3 2 1 C h a ~ ^ y r“  ^ [103].
1. Results
or th e  r e a so n s  o u tlin e d  in  S e c tio n  2.1, th e  r e fe r e n c e  u n it  for  
de s tu d y  is  p ro d u ctio n  o f  th e  sp e c ifie d  crop  o n  1  h a  o f  la n d  for  
n e  year; i.e . 1 h a  yr. T h e  r e su lts  in  S e c t io n s  3 .1 -3 .5  are  
x p r e s se d  o n  th is  b a sis .
.1. Global warming potential
ig. 3 s h o w s  th e  CHC e m is s io n s  r e su ltin g  fro m  th e  d ifferen t  
m d  u se s , s h o w in g  th e  co n tr ib u tio n s  o f  th e  d iffe r e n t life  c y c le  
ta g es. T h e s e  e m is s io n s  are c lea r ly  d o m in a te d  b y  c h a n g e s  in  
OC (se e  S e c t io n  2.2). T ab le  6  g iv es  th e  n u m e r ic a l v a lu e s  for  
l e  e n e r g y  b a la n c e s  a n d  T ab le 7 s h o w s  th e  CHC b a la n c e s ,  
er tiliser  u s e  c a u s e s  m u c h  o f  th e  im p a c t  for OSR, p rim a rily  
u e  to  fie ld  e m is s io n s  o f  g r e e n h o u se  g a se s , m a in ly  N 2 O from  
oil a n d  CO2  fro m  o x id a tio n  o f  so il  o rg a n ic  carb on , w ith  
d d itio n a l e m is s io n s  o f  CO2 a n d  N 2 O from  fer tiliser  p rod u c-  
on . For M iscanthus  a n d  w il lo w  SRC, SOC s e q u e s tr a tio n  m o re  
ran  c o m p e n s a te s  for th e  e m is s io n s . T h e im p a c ts  a llo c a te d  to  
^covering fo r e s t  r e s id u e s  are lo w .
b M iscan th u s fu e l  fe e d  (25% m o is tu r e  c o n te n t) , 
c  D ried  w o o d  c h ip s  (25% m o is tu r e  c o n te n t) ,  
d In d ic a tiv e  v a lu e s  o n ly .
e  B io d ie se l fr o m  OSR d is p la c e s  d ie s e l ,  w h e r e a s  p o w e r  fr o m  th e  
c o m b u s t io n  o f  M iscan th u s  d is p la c e s  e le c tr ic ity  fr o m  UK grid. H ea t  
fr o m  th e  c o m b u s t io n  o f  w o o d  c h ip s  fr o m  W illo w  SRC a n d  F o r es t  
R e s id u e s  d is p la c e s  h e a t  fr o m  an  o il- f ir e d  b o ile r .
th e  h ig h e s t  d e tr im e n ta l im p a c t  o n  s o il  q u a lity  b e c a u s e  o f  th e  
d iffe r e n c e s  b e tw e e n  SOCpot a n d  SOCini, a n d  b e tw e e n  SOCini 
a n d  SOCfin- In th is  w a y , n o t  o n ly  d o e s  OSR d e la y  re la x a t io n , 
b u t it  a lso  d e c r e a s e s  le v e ls  o f  SOC d u r in g  o c c u p a tio n . M o st o f  
th e  im p a c t  is  d u e  to  th e  d e la y  o f  r e la x a tio n  r a th er  th a n  th e  
o c c u p a tio n  itse lf . M iscanthus h a s  a b e n e f ic ia l im p a c t  a s  it 
in c r e a s e s  SOC le v e ls  a t r a tes  h ig h e r  th a n  th e  r e la x a t io n  rate. 
W illo w  SRC h a s  a d e tr im e n ta l e f fe c t  b e c a u se , e v e n  th o u g h  th is  
la n d  u s e  s h o w s  a n e t  in c r e a se  in  SOC, th is  in c r e a s e  is  sm a lle r  
th a n  th e  r e fe r e n c e  s y s t e m  c o n s id e r e d  (0 .1 3 6 1 C h a ^ ^ y r ”  ^
c o m p a r e d  to  0 .3 2 0 1 C h a ~ ^ y r“  ^ d u r in g  n a tu r a l r e la x a tio n , s e e  
S e c tio n  2.4).
In th e  c a se  o f  fo r e st  r e s id u e s , z e r o  a c c u m u la t io n  o f  SOC h a s  
b e e n  a s s u m e d , e v e n  th o u g h  fo r e s ts  te n d  to  a c c u m u la te  SOC. 
SOC is  a s s u m e d  to  in c r e a s e  a t 0 .3 2 1 C h a “  ^yr~^ [102] i f  th e  
fo r e st  r e s id u e s  are n o t  r e m o v e d , b u t  r e m o v a l o f  r e s id u e s  is  
a s s u m e d  to  e l im in a te  th is  in c r e a s e . T h is  is  a c o n s e r v a tiv e  
a s su m p tio n , b e c a u se  it  a s s u m e s  th a t  a ll th e  SOC a c c u m u la ­
tio n  r e s u lts  from  th e  r e s id u e s  a n d  n o n e  fro m  le a v e s , tw ig s  a n d  
ro o ts. T h e  e f fe c t  o f  r e m o v in g  fo r e s t  r e s id u e s  o n  s o il  q u a lity  is  
s lig h t ly  lo w e r  th a n  th a t  o f  W illo w  SRC, b u t  it  is  s t il l  
d e tr im e n ta l.
M o st o f  th e  to ta l im p a c t  is  d u e  to  th e  c h a n g e  in  r e la x a t io n  
in  a ll la n d  u se s , an d  o c c u p a tio n  im p a c ts  are n e g lig ib le .
.2. Soil quality (soil organic carbon)
h e  e f fe c t  o f  th e  d iffe r e n t  la n d  u s e s  o n  so il q u a lity  is  s h o w n  
ia g ra m m a tica lly  in  Fig. 4 , w h ile  Fig. 5 a n d  T a b les 4 a n d  5 g iv e  
re q u a n tita tiv e  e s t im a te s  for SOC c h a n g e s . O ilseed  rap e h a s
 ^A n  a l t e r n a t iv e  m o r e  c o n s e q u e n t i a l  a p p r o a c h  w o u l d  a s s u m e  
la t ,  i n s t e a d  o f  n a t u r a l  r e la x a t io n ,  U K  c r o p la n d  w o u l d  m o s t  l ik e ly  
3 u s e d  fo r  fo o d  o r  f e e d  p r o d u c t io n . T h e  r e f e r e n c e  w o u l d  b e  
lo p t e d  a c c o r d in g ly .
3.3. Acidification potential
Fig. 6  s h o w s  th e  a c id ifica tio n  p o te n t ia l o f  e m is s io n s  fr o m  th e  
d iffe r e n t  la n d  u s e s . OSR is  th e  la n d  u s e  g e n e r a t in g  th e  h ig h e s t  
a c id ifica tio n  p o te n tia l. F ertiliser  u s e  c o n tr ib u te s  m o s t  to  
a c id ifica tio n  for b o th  M iscanthus  a n d  OSR, m a in ly  d u e  to  fe r ­
tilis e r -r e la te d  a m m o n ia  e m is s io n s . O n th e  o th e r  h a n d ,  
n itr o g e n  o x id e  e m is s io n s  fro m  d ie s e l  u s e  d o m in a te  for w il lo w  
SRC.
330 BIOMASS AND BIOENERGY 35 ( 2 OI I )  2 3 2 3 - 2 3 3 6
Quality
(tC/ha)
SOC
S O C ,.
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g. 4 -  R ep resen ta tion  of th e  effect of OSR (top left) M iscanthus (top right), W illow  SRC (bottom  left) an d  Forest R esidues on  
»il Q uality  (not to  scale).
4. E u tro p h ic a tio n  p o te n tia l
I- 7 s h o w s  th e  e u tr o p h ic a tio n  p o te n t ia l a r is in g  fro m  th e  
iferen t la n d  u se s . A ga in , OSR s h o w s  th e  h ig h e s t  im p a c t, 
m in a te d  b y  th e  e s t im a te d  n u tr ie n t  e m is s io n s  fro m  fer tiliser  
e: a m m o n ia  (NH3) a n d  n itr a te  (NOJ) e m is s io n s  to  w a ter .
5. P r im a ry  n o n -r e n e w a b le  e n e rg y  u se
la n d  u s e s . It is  n o te w o r th y  th a t  o i ls e e d  ra p e  u s e s  m o r e  th a n  
tw ic e  th e  e n e r g y  p er  h a  o f  a n y  o f  th e  o th e r  la n d  u s e s , e v e n  
w ith o u t  c o n s id e r in g  p o st-fa r m  p r o c e s s in g . T h is  is  m a in ly  d u e  
to  th e  n itr o g e n  fe r tilis e r  u se d . E nergy u s e  in  th e  M iscanthus life  
c y c le  a r ise s  m a in ly  fro m  h erb ic id e  p r o d u c tio n  a n d  d ie s e l  u se . 
F e n c in g  a n d  d ie se l  u s e  in  m e c h a n ic a l o p e r a t io n s  in  th e  c u lt i­
v a t io n , h a r v e s tin g  a n d  c h ip p in g  s ta g e s  a c c o u n t  for  m o s t
I  8  s h o w s  th e  p rim a ry  n o n -r e n e w a b le  e n e r g y  r e q u ir e m e n ts  
(p r essed  in  GJ) to  p r o d u c e  b io e n e r g y  fro m  1 h a  o f  d ifferen t
O ilseed ra p e Willow SRC
I I
F o res t R esid u es
5 -  Im pac t of th e  d iffe ren t lan d  u se s  on  Soil Q uality  p e r 
e rence  u n it (ha~^yr~^).
CL
<  25-1
II
c  «
20
15
10-
5 -
O ilseed  rap e  M iscanthus Willow S R C  F o re s t R e s id u e s
Fig. 6 -  A cidification P o ten tia l p e r  re fe rence  u n it  
(ha“ y^r~^ ).
BIOMASS AND BIOENERGY 35 ( 2 OI I )  2 3 2 3 - 2 3 3 6 2331
1 ?SB o ta
i l
Table 8 -  S u m m ary  o f en erg y  a n d  carb o n -eq u iv a len t 
b a lan ces  p e r  GJ in  each  lan d  u se  (NB: in c lu d es  all life cycle 
s tag e s  -  ind ica tive  v a lu es  only).
O ilseed rape F orest R esidues
ig. 7 -  E u trophication  P o ten tia l p e r  reference  u n it 
ia“ y^r“ )^.
le r g y  u s e  in  w il lo w  SRC, a n d  fo r e st  r e s id u e s  u s e  e n e r g y  
lo s t ly  th r o u g h  m e c h a n isa t io n  (d ie se l fu e l u s e  in  th e  r eg en -  
'a tio n  a n d  h a r v e s tin g  s ta g e s , a n d  ch ip p in g ). T h e  c u lt iv a t io n /  
^generation s ta g e s  th e r e fo r e  r e p r e s e n t  th e  h o ts p o ts  in  
le r g y  u se , m a in ly  d u e  to  th e  u s e  o f  a g r o c h e m ic a ls  a n d  fo s s il  
tels.
6 . N e t  e n e rg y  y ield
[th ou gh  th e  fo c u s  h e r e  h a s  b e e n  o n  la n d  u se , it  is  o f  in te r e s t  
g iv e  broad  c o m p a r iso n s  in  te r m s o f  n e t  e n e r g y  y ie ld . T ab le 6  
v e s  in d ic a tiv e  v a lu e s  for th e  n e t  ca lorific  v a lu e  o f  th e  
o m a ss  le a v in g  th e  “g a te ” (Energy Y ield), n o t  a llo w in g  for  
lergy  u s e d  in  s u b s e q u e n t  p r o c e s s in g  or tra n sp o rt. T ab le 8  
v es th e  r e su ltin g  figu res for th e  im p a c ts  a n d  la n d  u s e  p er  GJ. 
ord er to  sh o w  th e  s ig n if ic a n c e  o f  th e  r e s u lts , th e y  are c o n -  
irted in to  in d ic a tiv e  v a lu e s  for th e  w h o le  fu e l c y c le  u s in g  
p r e se n ta t iv e  v a lu e s  o f  n e t  e n e r g y  y ie ld  a n d  a v o id ed  e n e r g y  
le (see  T a b les 6 - 8 ).
T h e  e n e r g y  cro p s p r e s e n t  th e  h ig h e s t  e n erg y  y ie ld  p er  h a , 
bh th e  y ie ld  o f  M iscanthus  b e in g  m o r e  th a n  tw ic e  th a t  o f  
H ow SRC (see  T ab le 6 ). T h e  r e la t iv e ly  lo w  e n e r g y  y ie ld  o f  OSR
□ Storage 
D Drying
□ Transport
■ Pest control
o Mechanisation
□ Weed control
■ Fertilisers
□ Propagation
OSR Miscanthus Willow SRC Forest Residues 
Land Use
OSR M iscanthus W illo w
SRC
F orest
r e s id u e s
L an d  area  (h a  yr) 0 .025 0.015 0 .0 1 0 0 .194
E n ergy  r e q u ir e m e n t  (GJ) 0 .44 0 .27 0 .11 0 .10
GHG e m is s io n s  e x c l. 40 .7 26 .0 7.5 7 .4
SOC (kg C O z-eq.)
GHG e m is s io n s  fro m 36.4 - 3 5 .0 - 4 . 9 0.0
SOC (kg C O z-eq.)
T o ta l GHG e m is s io n s 77.0 - 9 .0 2 .6 7 .4
(kg C O z-eq.)
T o ta l GHG e m is s io n s -1 0 .0 - 1 7 1 .0 - 1 0 2 .4 - 9 7 .7
in c l. a v o id e d
e m is s io n s  (kg C O z-eq.)
c o m b in e d  w ith  th e  re la tiv e ly  h ig h  e n e r g y  r e q u ir e m e n ts  
r e s u lts  in  a lo w  n e t  e n e r g y  y ie ld .
3 .7 . S e n s it iv ity  a n a ly s e s
T h e  r e su lts  o b ta in e d  w ill  vary  a c c o r d in g  to  th e  a d o p te d  
a ss u m p t io n s  o f  y ie ld , p ro d u ctiv e  p er io d , a n d  ca rb o n  s e q u e s ­
tra tio n  ra tes. T h e se  v a r y in g  a s s u m p t io n s  fo u n d  for W illo w  
SRC are te s te d  in  th is  se c t io n  a n d  p r e s e n te d  in  T a b les  9 -1 1 . 
T h e o th e r  la n d  u s e s  w e r e  n o t  su b je c t  to  s e n s it iv ity  a n a ly se s  
s in c e  th e r e  w e r e  n o  d ata  v a r ia b ility  fo u n d  for th e ir  
p a ra m ete rs .
T h e y ie ld  o f  w o o d  c h ip s  fro m  SRC c a n  b e  a s  m u c h  as  
20 o d t h a “ ^yr~^ (se e  S e c tio n  2.2) a n d  th e  p r o d u c tio n  p er io d  
c a n  b e  u p  to  30 y ea rs . T h e  crop  e n e r g y  y ie ld  in c r e a s e s  
a cco rd in g ly  (< 356  C Jh a“^ yr“ )^. T h e  e n e r g y  r e q u ir e m e n t  o f  
SRC n o w  v a r ie s  b e tw e e n  6 .4  an d  7 .9  C Jh a“ ^ yr“ ,^ r e s u lt in g  in  
a n e t  e n e r g y  y ie ld  o f  1 6 3 -3 4 8  C Jh a~^ yr“  ^ ( se e  T a b le  9).
If w e  fu r th er  a s s u m e  th a t  th e  ca rb o n  s e q u e s tr a t io n  ra te  
v a r ie s  fro m  0 .09 to  0 .1 8 1 C h a “^ yr“ ,^ to ta l CHC e m is s io n s  are  
b e tw e e n  - 3 2 8  a n d  98 k g  COg-eq. h a '^ y r" ^ , im p ly in g  th a t, 
w ith o u t  c o n s id e r in g  th e  re s t  o f  th e  life  c y c le , SRC o n  it s  o w n  
m a y  n o t  b e  c a r b o n -n e g a tiv e . T a b le  10 p r e s e n ts  in d ic a t iv e  
v a lu e s  for th e  w h o le  fu e l cy c le . T h e s e  are in  th e  ra n g e  o f  1 0 4 -  
1 0 9 1 k g  C0 2 -eq . h a “^ yr” .^ A s s u m in g  th a t  h e a t  p r o d u c tio n  
fro m  th e  c o m b u s t io n  o f  w o o d  c h ip s  d isp la c e s  h e a t  p r o v id e d  
b y  a s m a ll- s c a le  o il-fired  b o iler, b e tw e e n  10 ,6 3 8  a n d  22 ,3 4 0  k g  
COg-eq. h a^ ^ yr'^  are a v o id ed , d e p e n d in g  o n  th e  y ie ld  
a s s u m p tio n s . T h e  to ta l CHC e m is s io n s ,  th e r e fo r e , v a ry  
b e tw e e n  -2 1 ,5 7 6  a n d  -1 0 ,2 0 8  k g  C0 2 -eq . h a “ ^yr~^ w h e n  th e  
w h o le  fu e l c y c le  is  co n sid e r e d . A ll v a r ia n c e s  are  e x p la in e d  b y
J. 8 -  P rim ary  energy  u se  p e r  reference  u n it (ha  ^y r )^.
B io m a s s  y ie ld  (t) 9 .5 -2 0 .0
E n ergy  yield®  (GJ) 1 6 9 .5 -3 5 6 .0
E n ergy  r e q u ir e m e n t  (GJ) 6 .4 -7 .9
N e t  e n e r g y  y ie ld  (GJ) 1 6 3 .2 -3 4 8 .1
a N e t  ca lo r ific  v a lu e  ( in d ic a tiv e  v a lu e s  on ly ).
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fable 10 -  S ensitiv ity  a n a ly s is  o f GHG em iss io n s  (kg CO2 - 
:q.) to  W illow  SRC y ie lds, p roductive  p eriod  a n d  carbon  
séquestration  ra te s  p e r reference  u n it  (h a“ ^ y r“ )^.
A) C ra d le -to -g a te  e x c l. SOC
B) SOC®
C) C ra d le -to -g a te  (A +  B)
D) G ate -to -grave^
E) T o ta l’" (C +  D)
F) A v o id e d
G) T o ta l in c l. a v o id e d ’" (E 4- F)
3 3 2 -4 3 1
- 6 6 0  to  - 3 3 4
- 3 2 8  to  98
4 3 2 -9 9 3
1 0 4 -1 0 9 1
1 0 ,6 3 8 -2 2 ,3 4 0
-2 1 ,5 7 6  to  -1 0 ,2 0 8
1 N e g a t iv e  v a lu e  in d ic a te s  C s e q u e s tr a t io n  fr o m  th e  a tm o s p h e r e .
) I n d ic a tiv e  v a lu e s  o n ly .
: H e a t  g e n e r a te d  fr o m  th e  c o m b u s t io n  o f  w o o d  c h ip s  fro m  W illo w  
)RC d is p la c e s  h e a t  fr o m  s m a ll- s c a le  o il-f ir ed  b o iler .
T h ere  is  n o  s ta n d a rd  m e th o d  for  a llo c a t in g  th e  im p a c ts  
fro m  tr a n sfo r m a tio n  a lo n g  su b s e q u e n t  la n d  u s e s  (see  S e c tio n  
2.4). If w e  c o n s id e r  th a t  la n d  tr a n sfo r m a tio n  h a p p e n e d  le s s  
th a n  1 0 0  y e a r s  prior to  th e  la n d  u s e  u n d e r  s tu d y , e a c h  a n n u a l  
la n d  u se  is  r e s p o n s ib le  for 1 % ( 1  y e a r  o u t  o f  1 0 0  y ea rs)  o f  th e  
im p a c ts  fro m  tr a n sfo r m a tio n . C o n se q u e n tly , 2 .5 7 1 COzha"^  
w o u ld  b e  a d d ed  to  th e  GWP, w h ic h  is  m o r e  th a n  t h e  e m is s io n s  
fro m  th e  r e s t  o f  th e  life  c y c le s  o f  th e s e  cro p s. S im ilarly , 77 t 
C y r h a '^ y r " ”^ w o u ld  b e  a s ig n if ic a n t  p o r tio n  o f  th e  to ta l  
im p a c ts  o n  so il  q u a lity . T h e  r e s u lts  o f  th e  im p a c ts  o f  la n d  
tr a n sfo r m a tio n  are th e r e fo r e  h ig h ly  s e n s it iv e  to  th e  t im e  
p er io d  a d o p te d  b e tw e e n  la n d  tr a n s fo r m a t io n  a n d  la n d  u s e  
u n d e r  s tu d y , a s  w e ll  a s  th e  p er io d  w ith in  w h ic h  th e  im p a c t  
fro m  la n d  tra n sfo r m a tio n  is  a llo c a te d  to  s u b s e q u e n t  crop s.
e  e x tr e m e  a s s u m p t io n s  for th e  v a lu e s  o f  SOC se q u e s tr a tio n ,  
eld a n d  p ro d u ctiv e  p er io d  (se e  T ab le  10).
V a ry in g  ra tes o f  SOC se q u e s tr a t io n  w ill a lso  d e te r m in e  th e  
a g n itu d e  o f  th e  e f fe c ts  o n  so il  q u a lity . W illo w  SRC is  a s s o ­
rted  w ith  a ra te  o f  SOC se q u e s tr a t io n  o f  0 .0 9 -0 .1 8 1 
ia ^ ’’ yr" ’^ , w h ic h  r e su lts  in  a c h a n g e  in  SOC o f  3 0 .6 - 5 0 . l t  
Trha'^ yr"’^.
T ab le  11, fina lly , s h o w s  th e  a b o v e  r e su lts  p er  CJ o f  h e a t  
o d u c e d  b y  th e  s m a ll- s c a le  c o m b u s t io n  o f  w o o d  c h ip s  from  
il lo w  SRC. T h e la n d  area  req u ired  p er  CJ is  b e tw e e n  0 .005  an d  
)10 h a . T h e  e n e r g y  r e q u ir e m e n t v a r ie s  b e tw e e n  0 .092  an d  
113 CJ CJ“ ’^ (energy in p u t  p er  e n e r g y  o u tp u t). F o ss il-b a se d  
1C e m is s io n s  v a ry  b e tw e e n  6.7 a n d  7.5 k g  COz-eq. h a ~ ^ y r“ ” 
rich  are c o u n te r b a la n c e d  b y  th e ir  b io g e n ic  co u n te r p a r ts  
)m  so il  a n d  r e su lt  in  1 .0 -5 .1  k g  COz-eq. h a '^ y r ^ ”. T h e s e  lo w  
u r e s  are fu lly  c o m p e n s a te d  b y  th e  a v o id ed  e m is s io n s  from  
at g e n e r a te d  fro m  an  o il-fired  b o iler , to  r e su lt  in  a to ta l CHC  
l i s s io n  th a t  is  n e g a t iv e  ( -9 9 .9  to  -1 0 4 .0 ) .
O verall, th e  s e n s it iv ity  a n a ly se s  sh o w  th a t  th e  CHC 
la n c e s  for W illo w  SRC m a y  v a ry  su b s ta n tia lly , b u t th a t  th is  
id  u s e  a lw a y s  y ie ld s  n e t  n e g a t iv e  e m is s io n s .
In th is  p ap er, im p a c ts  fo rm  la n d  tr a n sfo r m a tio n s  are a llo -  
ted  o v er  th e  s u b s e q u e n t  100 y e a r s  o f  crop p in g . B e c a u se  w e  
su m e  th a t, a t th e  c ro p p in g  s ta g e , la n d  tr a n sfo r m a tio n s  from  
u n d is tu r b e d  s ta te  h a p p e n e d  m o r e  th a n  1 0 0  y e a r s  ago , n o  
p a c ts  fro m  tr a n sfo r m a tio n  are c o n s id e r e d  for CWP or for  
il q u a lity . T h e se  im p a c ts  refer  to  th e  c h a n g e  in  SOC le v e ls  
>m 1 5 0 1 C h a " ’^ (SOCpot) to  8 0 1 C h a “ ” (SOCini). T h e  m a g n i-  
i e  o f  t h e s e  im p a c ts  is  a s fo llo w s;
4. Discussion
b r  CWP, so il  e m is s io n s  o f  7 0 1 C h a  (257 t  C O zh a ”) 
b r  so il  q u a lity , tr a n sfo r m a tio n  is  r e sp o n s ib le  for 7 6 5 6 1 
yr-:y r h a
able 11 -  S ensitiv ity  a n a ly s is  o f energy  an d  carbon- 
qu iv a len t b a lan ces  p e r GJ in  W illow  SRC (NB: in c lu d es all 
fe cycle s ta g e s  -  ind ica tive  v a lu es  only).
an d  area  (h a  yr) 0 .0 0 5 -0 .0 1 0
n e r g y  r e q u ir e m e n t  (GJ) 0 .0 9 2 -0 .1 1 3
HG e m is s io n s  e x c l. s o i l  (kg C O z-eq.) 6 .7 -7 .5
HG  e m is s io n s  fr o m  s o i l  (kg C O z-eq.) - 6 . 5  to  - 1 . 6
o ta l GHG e m is s io n s  (kg C O z-eq.) 1 .0 -5 .1
o ta l GHG e m is s io n s  in c l. a v o id e d  e m is s io n s  - 9 9 .9  to  - 1 0 4 .0
(kg C O z-eq.)
E u tro p h ica tio n  e m is s io n s  are d er iv ed  fro m  lite ra tu re  v a lu e s ,  
a n d  it  sh o u ld  b e  n o te d  th a t  w h ile  N H 3 e m is s io n s  are p ro p o r­
t io n a l to  th e  a m o u n t  o f  fer t ilis e r s  u s e d , a f ix ed  ra te  h a s  b e e n  
a s s u m e d  for n itr a te  e m is s io n s  ( se e  S e c t io n  2.3). W h ils t  th e  
a u th o rs  b e lie v e  th is  v a lu e  is  r e p r e se n ta tiv e , it  is  p r e s e n te d  as  
an  in d ic a tio n  o n ly .
In te r m s o f  th e  e n e r g y  b a la n c e , a lth o u g h  it  m a y  b e  r e le v a n t  
to  h a v e  in fo r m a tio n  o n  th e  e n e r g y  u s e  o f  a s y s te m , p r im a ry  
e n e r g y  u s e  is  n o t  per se  a n  e n v ir o n m e n ta l im p a c t  ca teg o ry . 
H o w ev er , H u ijb regts e t  al. [108] fo u n d  th a t  C u m u la t iv e  E nergy  
D e m a n d  (or th e  to ta l n o n -r e n e w a b le  e n e r g y  u s e d  a lo n g  th e  
life  cy c le ) co r r e la te s  w e l l  w ith  m o s t  e n v ir o n m e n ta l life  c y c le  
im p a c t  c a te g o r ie s  a n d  ca n , th e r e fo r e , b e  c o n s id e r e d  a n  
a p p ro p ria te  p ro x y  in d ic a to r  for e n v ir o n m e n ta l p e r fo r m a n c e . 
In d eed , c o m p a r iso n  o f  Figs. 3 a n d  5 -8  s h o w s  th a t  p r im a ry  n o n ­
r e n e w a b le  e n e r g y  u s e  g iv e s  th e  s a m e  r a n k in g  o f  d iffe r e n t  
cro p s as a c id ifica tio n  a n d  e u tr o p h ic a tio n . H o w ev er , w h e n  SOC 
is  in c lu d e d  in  th e  a n a ly s is , p r im a ry  e n e r g y  u s e  d o e s  n o t  
co rre la te  w ith  CHC e m is s io n s  or so il  q u a lity , so  th a t  it  c a n n o t  
b e  u s e d  a s  a proxy .
E stim a te s  o f  c h a n g e s  in  SOC are h ig h ly  d e p e n d e n t  o n  th e  
in p u t  d a ta  for th e  in it ia l so il  q u a lity  a n d  o n  th e  r e fe r e n c e  
s y s te m  u se d  for c o m p a r iso n ; th e  la tte r  p o in t  h a s  a lso  b e e n  
n o te d  b y  o th e r s  [109]. F u r th erm ore, SOC e v o lu t io n  d e p e n d s  
str o n g ly  o n  m a n a g e m e n t  p r a c t ic e s  a n d  lo c a t io n , a n d  so  a n y  
d e c is io n  to  u s e  o n e  v a lu e  or a n o th e r  sh o u ld  b e  p ro p er ly  
ju s tif ie d . In th is  w ork , th e  e s t im a te s  are a ll d e r iv e d  fro m  
lite ra tu re  v a lu e s . T h er e fo re , w h ile  th e  r e s u lts  o b ta in e d  h e r e  
are p la u sib le , th e y  sh o u ld  a lso  b e  in te r p r e te d  a s  b road  
c o m p a r iso n s  o n ly . H o w ev er , th e  d if fe r e n c e s  fo u n d  b e tw e e n  
d iffe r e n t  la n d  u s e s  are so  large  th a t  th e y  m a y  b e  c o n s id e r e d  
sig n ifica n t.
5. Conclusions
C h a n g es in  SOC d o m in a te  th e  CHC e m is s io n s  fro m  c u lt iv a t io n  
o f  e n e r g y  cro p s, fo llo w e d  b y  d ie se l  a n d  fe r t ilis e r  u se . It is  th u s  
im p o r ta n t  to  c o n s id e r  c h a n g e s  in  SOC in  LCA s tu d ie s  o f  e n e r g y  
cro p s, a n d  c h a lle n g e  th e  r e su lts  o f  th o s e  s tu d ie s  n o t  in c lu d in g  
th e m . O f th e  fo u r  e n e r g y  cro p s s tu d ie d , OSR s h o w s  th e  b ig g e s t  
im p a c ts  o n  so il  q u a lity . T h is  is  d u e  to  OSR c a u s in g  th e  la r g e s t
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ie g r a d a tio n  o f  SOC d u r in g  th e  la n d  u s e  (i.e . th e  d a rk -c o lo u r ed  
irea  in  Fig. 2); b u t  a lso , a n d  p rim arily , b e c a u s e  o f  th e  c h a n g e  in  
•e laxation  (SOCpot -  SOCini), w h ic h  a d d s to  th e  m a g n itu d e  o f  
hie im p a c t  for  OSR (i.e. lig h t-c o lo u r e d  a rea  in  Fig. 2). It sh o u ld  
ilso  b e  n o te d  th a t  la n d -u s e  im p a c ts  are m u lt i- fa c e te d  (e.g. 
n c lu d in g  e f fe c ts  o n  b io d iv e r s ity  a n d  w a te r  q u a n tity /q u a lity  
93,110]): SOC d o e s  n o t  in d ic a te  a ll p o s s ib le  im p a c ts  o n  so il  
quality, so  th a t  a lte r n a tiv e /c o m p le m e n ta r y  in d ic a to r s  m a y  b e  
eq u ired  in  sp e c ific  c a s e s  (e.g . w h e n  e r o s io n  or sa lin is a t io n  
lo m in a te s  so il  d egra d a tio n ).
A p art fro m  CO2  e m is s io n s  d er iv ed  fro m  SOC d eg ra d a tio n , 
)th er  f ie ld  e m is s io n s  -  p r im a rily  n itr o g e n  fe r t ilis e r -r e la te d  
m is s io n s  -  d o m in a te  m a n y  o f  th e  im p a c ts  c o n sid e r e d : N 2 O 
lon tr ib u tin g  to  CHCs, N H 3 to  a c id ifica tio n , a n d  N H 3 a n d  N O J
0  e u tr o p h ic a tio n .
T h e fo c u s  o f  th is  s tu d y  h a s  b e e n  o n  th e  CHC b a la n c e  a n d  i t  is  
ilear th a t  la n d  u n d e r  M iscanthus h a s  th e  lo w e s t  im p a c t, m a in ly  
lu e  to  C se q u e s tr a tio n . H o w ev er , M iscanthus  i s  n o t  th e  b e s t  
a n d -u se  o p tio n  for  o th e r  im p a c ts  -  a c id ifica tio n  a n d  eu tro -  
ih ica tio n . T h e  LCA a p p ro a ch  is , th e re fo re , a  v e r y  in fo r m a tiv e
001 th a t, a m o n g  o th e r  th in g s , m a k e s  c lea r  th e  e x is te n c e  o f  
ra d e -o ffs  b u t  d o e s  n o t  n e c e s sa r ily  g iv e  a  s im p le  id e n tif ic a t io n  
if th e  p referred  a ltern a tiv e . D e c is io n  p r o c e s se s  th e r e fo r e  n e e d  
o r e c o g n is e  tr a d e -o ffs  b e tw e e n  d iffe r e n t im p a c ts , fo r  e x a m p le  
is in g  s o m e  fo rm  o f  M ulti-C riteria  D e c is io n  A n a ly s is .
T h is  w o r k  h a s  co n fir m e d  th a t  l ig n o -c e llu lo s ic  e n e r g y  cro p s  
m d fo r e s t  r e s id u e s  g iv e  m u c h  h ig h e r  y ie ld s  a n d  lo w e r  CHC  
m is s io n s  th a n  th e  arab le  crop  O ilS eed  R ape. H o w ev er , a n a l­
ysis o f  c o m p e tit io n  for  la n d  b e tw e e n  fo o d  a n d  e n e r g y  cro p s  
e q u ir e s  fu r th er  a s s e s s m e n t , u s in g  a c o n se q u e n t ia l  LCA 
p p ro a ch  w h ic h  a llo w s  for  d isp la c e d  la n d  u s e  as w e l l  a s fu ll  
ife c y c le s . T h is w il l  req u ire  d a ta  o n  th e  m o s t  lik e ly  e f fe c ts  o f  
a n d -u se  c h a n g e  a n d  th e  n e t  e n e r g y  y ie ld  a s s o c ia te d  w ith  th e  
and u s e s . T h is  n e t  e n e r g y  y ie ld  w il l  h e lp  to  e s t im a te  th e  CHC  
m is s io n s  a n d  o th e r  im p a c ts  a v o id e d  b y  r e p la c in g  o th e r  
n e r g y  so u r c e s  a n d  o th e r  la n d  u s e s . H o w ev er , i f  fo o d  
o n su m p tio n  is  c o n s ta n t , fo o d  p r o d u c tio n  d isp la c e d  b y  e n e r g y  
ro p s w il l  b e  r e p la c e d  b y  im p o r ts  so  th a t  a n y  n e t  e n v ir o n ­
mental g a in  w il l  b e  lo w e r e d . S u ch  d isp la c e m e n t  e f fe c ts  n e e d  
3  b e  id e n tif ie d  a n d  th e ir  e n v ir o n m e n ta l c o n s e q u e n c e s  
a c lu d ed  in  a n y  tru ly  h o lis t ic  a s s e s s m e n t  o f  e n e r g y  cro p s.
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Tcîmporary carbon-sequestration and carbon-storage projects help offset fossil-fuel carbon emissions, 
but how effective are they?
■ arbon-footprint calculation standards 
and methods provide guidance on 
' how to assess temporary carbon 
stc rage in long-lived products. However, 
re|;ardless of the approach adopted, 
the calculated benefits depend on the 
accounting time horizon — a time beyond 
wf ich further impacts are not considered — 
wf ich is an intrinsically subjective choice. 
As the accounting method for the benefits 
of temporary carbon storage will affect 
po iicies, consumer choices and corporate 
depsions, the choice of which time horizon 
to use for calculating the value of such 
offsets should be based on explicit and 
justified values', ensuring that temporary 
mitigation activities are not unduly 
favoured over permanent actions. Here we 
analyse an illustrative example to show just 
how sensitive the results are to the chosen 
time horizon.
Whether or not to give a value to 
temporary carbon storage is a hotly debated 
issue among the environmental assessment 
community, and there is an increasing need 
for guidance on the subject. Temporary 
caibon storage is, by definition, reversible. 
Some researchers have suggested that 
giving credits to temporary carbon storage 
to offset fossil-fuel carbon emissions would 
result in higher greenhouse-gas emissions 
than would be the case if temporary 
carbon-storage initiatives were not taken, 
and hence lead to worse impacts on climate 
change*’^ . Others argue that postponing 
greenhouse-gas emissions is beneficial, 
b^ause it delays radiative forcing (an 
e> ernally imposed perturbation in the 
r^  iiative energy balance of the Earth’s 
cl^  nate system), and thus decreases the 
c( nulative impact caused by a higher 
a| lospheric temperature. That delay 
W s^ time for technological progress 
ani research ’^^ . Following this rationale.
Figure 1 1 Temporary carbon storage assessed with the Lashof method^. The cumulative radiative forcing 
of a 1,000 kg CO; pulse-emission is given by the integral over the chosen time horizon (100 years) of 
the atmospheric load curve (continuous line, given by the revised Bern carbon-cycle-climate model), 
multiplied by the instantaneous radiative forcing of a unit mass of CO; in the atmosphere. The benefits 
of delaying release are thus given by the portion of the cumulative atmospheric load that is pushed back 
beyond the chosen time horizon of 100 years (hatched area). In the case shown, according to the Lashof 
method, storing 1,000 kg CO; over a period of 50 years is equivalent to delaying a 1,000 kg CO; pulse- 
emission by 50 years (dotted line).
temporary carbon-sequestration and 
carbon-storage projects are increasingly 
being used to offset fossil-fuel 
carbon emissions.
Some recently published carbon- 
footprint calculation standards and 
methods present possible ways to assess 
the value of temporarily storing carbon in 
long-lived products '^  ^and others are still 
in development. In October 2010, an expert 
workshop was held at the Joint Research 
Centre of the European Commission 
to develop a robust method for use in 
life-cycle assessment (LCA) and carbon- 
footprint calculation that would account 
for the benefits, if any, of temporary 
carbon storage®. All of these approaches 
rely on the choice of a time horizon.
beyond which the impacts of greenhouse 
gases are not considered. Therefore, 
when developing policies or incentives, 
decision-makers must be aware that the 
value given to temporary carbon storage 
is directly based on the time preference 
they select.
Since the Intergovernmental Panel 
on Climate Change (IPCC) adopted the 
concept of cumulative radiative forcing 
in its first assessment report®, the broad 
consensus has been that this concept 
should be used to assess global-warming 
impacts, although the net average global 
surface temperature change method is 
increasingly discussed as an alternative*®. 
The IPCC method uses the metric of global 
warming potential (GWP). GWP is the
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Table 11 Benefits of storing 1,000kg CO; over a period of 50 years calculated with the 
Lashof method" for different choices of time horizon.
Time horizon (years) Benefits (kg CO;e)
20
50
100
250
500
1,000
1,000
1,000
411
152
74
41
The benefits in kg of CO , equivalent are ca lculated a s  th e  ratio of th e  cum ulative a tm ospheric  load th a t  is pushed  back beyond th e  chosen  tim e 
horizon (fia tched  a rea  in Fig. 1 for a  100-year tim e horizon) over th e  cum ulative atm ospheric  load of an equivalent initial pulse-em ission.
fadiative forcing caused by the release 
of a unit mass of a given greenhouse gas 
integrated over a prescribed time period, 
relative to that of a unit mass of CO;, and 
measured in kilograms of carbon dioxide 
equivalent per kilogram of greenhouse gas 
(kg CO;e kg-*).
Different approaches have been 
proposed to estimate the credits to be 
given to temporary carbon storage. Tonne- 
year approaches determine the value of 
temporary carbon storage based on the 
amount of carbon stored for each year 
that the carbon stock is maintained. The 
best-known tonne-year approaches are the 
Moura-Costa** and the Lashof*  ^methods. 
Th^se approaches were originally developed 
to assess projects based on land use, land- 
use change and forestry (LULUCF), but 
they have subsequently been applied to 
temporary carbon storage and other time- 
rel ated issues, including carbon-footprint 
calculation. All these approaches are, in 
on s way or another, based on the concept 
of :umulative radiative forcing integrated 
over a given time period, such as GWPs, 
am i on the decision to exclude radiative 
forcing occurring after the chosen time 
ho rizon. As a result, storing carbon for 
a given number of years is equivalent to 
del aying an emission by the same number 
of years, hence decreasing the period of 
tin le over which its impact is considered; if 
th( ! storage period is longer than the chosen 
tin le frame, the emission is not considered 
at &11.
Here we use the Lashof method*  ^to 
illustrate how sensitive temp orary- carbon - 
rage benefits are to the choice of time 
ho rizon (Fig. 1). The results presented in 
Table 1, calculated from the mathematical 
mulation of the Lashof approach given 
Clift and Brandao*®, show the extent 
to which the benefits of delaying release 
:rease as the time horizon increases. On 
basis of an infinite time horizon with 
discounting of future impacts, there is 
benefit from storing carbon temporarily, 
th discounting, the benefit depends on
for
by
de<
thf
no
no
Wi|
the discount rate applied. For time horizons 
shorter than or equal to the duration of 
the storage, the benefits are equivalent to 
the amount of carbon stored. In this case, 
temporary storage is treated as an avoided 
fossil-fuel carbon emission.
Thus, the importance given to short­
term impacts and delays in emissions 
becomes greater the shorter the time 
horizon chosen for the assessment of 
greenhouse-gas emissions. The choice of 
any time horizon (including infinity) is a 
value judgement rather than a scientific 
decision* ’^*®. A 100-year time horizon is 
used in the vast majority of applications, 
and is often justified by the fact that it 
is consistent with the Kyoto Protocol. 
However, even Keith P. Shine — one of the 
lead authors of the IPCC’s first assessment 
report — has questioned the widespread 
use of the so-called GWP 100, which he 
calls an ‘inadvertent consensus'* .^
When using metrics with finite 
time horizons, the impact of a fossil- 
fuel emission on climate change can be 
completely offset by the sequestration 
and storage of an equivalent amount of 
carbon for a period of time equal to the 
adopted time horizon. Thus, temporary 
carbon-storage projects (for example, 
afforestation) can help mitigate climate 
change impacts. However, these should 
not be considered equivalent to avoided 
fossil-fuel emissions, because carbon is not 
kept out of the atmosphere permanently*®. 
Fxplicit and justified value choices by 
decision-makers should govern the 
selection of an appropriate time horizon, to 
make robust and consistent choices; special 
attention is warranted to its implications 
and effects on the results, so that temporary 
mitigation activities are not favoured over 
permanent actions.
Temporary carbon storage is more 
than a technological detail: it is becoming 
a significant and contentious issue in the 
development of standards and guidelines 
for carbon-footprint calculation. These 
standards are starting to guide policies.
c o n su m e r  c h o ic e s  an d  an in crea sin g  
n u m b er  o f  co rp orate  d ec is io n s . It is  
therefo re  im p o r ta n t th a t d e c is io n ­
m ak ers h ave a g o o d  u n d ersta n d in g  o f  
th e  im p lic a tio n s  o f  t im e  preferen ces  
w h e n  a ssess in g  th e  b en efits  o f  tem p o ra ry  
carb o n  storage, b eca u se  th e  carb on  
fo o tp r in t o f  a p ro d u ct can  b e  se n sitiv e  
to  th is  d eta il. M oreover, for th e  sak e o f  
c o h eren ce , a ll o th e r  e m iss io n s  an d  th e ir  
tem p o ra r y  a v o id a n ce  m u st b e  co n sid er ed  
in  an  eq u iv a len t m ann er , p articu lar ly  
in  in teg ra ted  a ssessm en ts  th a t ad d ress  
m u ltip le  issu es . □
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abstract
hirpose The inclusion of land-use activities in life cycle 
ssessment (LCA) has been subject to much debate in the 
vCA community. Despite the recent methodological devel- 
pments in this area, the impacts o f land occupation and 
ransformation on its long-term ability to produce biomass 
referred to here as biotic production potential [BPP]) —  an 
uportant endpoint for the Area of Protection (AoP) Natural 
Resources —  have been largely excluded from LCAs partly 
ue to the lack o f life cycle impact assessment methods. 
Materials and methods Several possible methods/indicators 
Dr BPP associated with biomass, carbon balance, soil ero- 
lon, salinisation, energy, soil biota and soil organic matter 
SOM) were evaluated. The latter indicator was considered 
le most appropriate for LCA, and characterisation factors 
Dr eight land use types at the climate region level were 
eveloped.
\esults and discussion Most of the indicators assessed ad- 
ress land-use impacts satisfactorily for land uses that in- 
lude biotic production o f some kind (agriculture or 
ilviculture). However, some fail to address potentially im- 
ortant land use impacts from other life cycle stages, such as
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those arising from transport. It is shown that the change in 
soil organic carbon (SOC) can be used as an indicator for 
impacts on BPP, because SOC relates to a range o f soil 
properties responsible for soil resilience and fertility. 
Conclusions The characterisation factors developed suggest 
that the proposed approach to characterize land use impacts 
on BBP, despite its limitations, is both possible and robust. 
The availability of land-use-specific and biogeographically 
differentiated data on SOC makes BPP impact assessments 
operational. The characterisation factors provided allow for 
the assessment of land-use impaets on BPP, regardless of  
where they occur thus enabling more complete LCAs o f  
products and services. Existing databases on every country’s 
terrestrial carbon stocks and land use enable the operability o f 
this method. Furthermore, BPP impacts will be better assessed 
by this approaeh as increasingly spatially specific data are 
available for all geographical regions o f the world at a large 
scale. The characterisation factors developed are applied to the 
case studies (Part D o f this special issue), which show the 
practical issues related to their implementation.
Keywords Biotic production potential • Ecosystem 
services • Land use • Life Cycle Impact Assessment (LCIA) • 
Midpoint indieators • Soil organic carbon (SOC) • Soil organic 
matter (SOM)
1 Introduction
Ecosystems provide humans with a variety o f goods and 
services that are essential for our survival. These are collec­
tively known as ecosystem services and include the provi­
sion o f food, fibre and energy; the regulating and supporting 
o f processes (air, water and nutrient cycles; climate; erosion; 
pests and diseases; pollination; soil formation; photosyn­
thesis); and, even, provision o f non-material services.
ablished online: 02 February 2012 ^  Springer
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uch as cultural diversity and spiritual and religious 
alues (Millennium Ecosystem Assessment 2005). The 
mportance o f these services (which can be considered 
ndpoints^ in the life cycle assessment (LCA) frame­
work (Chapman 2008; Bare and Gloria 2008) implies 
hat LCA —  as an environmental systems analysis tools 
iming at being holistic and comprehensive —  must 
nclude the environmental impacts on ecosystem serv­
ies that product systems cause. In the first phase o f the 
Jnited Nations Environment Programme-Society for En- 
ironmental Toxicology and Chemistry (UNEP-SETAC) 
die Cycle Initiative Programme on Life Cycle Impact 
assessment (LCIA), key elements in a framework for land 
se impact assessment were identified, including three impact 
athways: biodiversity, ecological soil quality (ESQ) and 
iotic production potential (BPP) (Milà i Canals et al. 2007a).
For the benefit o f harmonising the LCA land use impact 
ssessment framework (Milà i Canals et al. 2007a) with the 
Ecosystem Services fiamework developed by the Millennium 
ecosystem Assessment (2005), ESQ can be said to be 
ssociated with the supporting and regulating types o f  
cosystem services, whereas BPP is associated with pro- 
isioning services.^ It must be noted that ecosystem  
ervices are highly interlinked and interdependent. As a 
ssult, it is likely that midpoints for any o f these degra- 
ation paths could serve as indicators for BPP. For ex- 
mple, the midpoints erosion, compaction, salinisation, 
ontamination, loss o f organic matter have an impact on 
le potential for biotic production. Supporting and regu- 
iting services include filter and buffer capacity, sub­
lance cycling (such as carbon, other nutrients and 
mter), and climate regulation. While Saad et al. (2012) 
ddress impacts on filter and buffer capacity, water cycling 
nd erosion resistance, and Müller-Wenk and Brandao 
2010) suggest an approach for carbon sequestration, this 
aper is concerned with BPP. This paper aims at identifying 
le methods that have been put forward for assessing the 
npacts o f land use on BPP (or some variation o f it) and at 
eveloping characterisation factors (CF) from the indicator 
eemed most appropriate.
BPP refers to the conditions o f land that determine its 
lort, medium and long-term inherent ability to produce and 
jstain biomass (food, feed, fodder, wood, fibre, energy.
W hile midpoint modelling refers to the modelling o f  impacts (e.g., 
limate Change) at a middle point in the cause-effect chain or envi- 
inmental mechanism, endpoint modelling refers to that at the end o f  
e cause-effect chain (i.e., damage to Human Health, Ecosystems or 
atural Resources).
BPP is also referred to the conditions responsible for biological/ 
om ass/ecosystem productivity. It is a life support function that is 
eluded in the Ecosystem  Services Framework as a provisioning 
:osystem service, and includes food, fibre, fuel, genetic resources, 
ochem icals, natural m edicines and pharmaceuticals, ornamental 
sources and fresh water (Millennium Ecosystem Assessm ent 2005).
medicines, ornamentals) at current productivity levels, 
through the provision of water, nutrients, air and a stable 
physical support place for plants to fix their roots. Land or 
ecosystem productivity is measured in biomass produced 
per unit area per unit time (e.g., kg m~  ^ year“ )^. Because 
biotic production is a flow and not a stock, impacts refer to 
those impairing the potential or capacity o f ecosystems for 
biotic production. BPP does not refer to the present biomass 
production foregone as a result o f a particular land use (this 
would be reflected by changes in Net Primary Production 
[NPP]), but to the change in the productive capacity or the 
ability o f the ecosystem to sustain future biomass production 
(under potential for biotic production —  Area o f Protection 
(AoP) Natural Resources).
BPP depends to a large extent on aspects such as climate 
(temperature and precipitation), soil type, slope, vegetation 
cover, history o f land use, management practices, and bio­
logical activity. These aspects determine soil quality, i.e., the 
emergent property arising from the presence o f those attrib­
utes without which supporting ecosystem services cannot be 
delivered. As a consequence, impacts on BPP depend not 
only on the particular land use, but also on the sensitivity o f  
the ecosystem where the activity is located. The aim o f this 
paper is to propose CF based on models and literature that 
reflect both land use type and ecosystem, in line with the 
inventory principles in (Koellner et al. 2012a).
This paper briefly reviews indicators that have been put 
forward to represent impacts on BPP (Section 2), and jus­
tifies the election o f an indicator for BPP. Subsequently, 
Section 3 describes the model following the guidelines 
proposed by Koellner et al. (2012b), including the calcula­
tion procedure for CF which are calculated for a variety of 
land uses and climate regions based on SOC; a comprehen­
sive list o f CF is provided in the Electronic Supplementaiy 
Material. Finally, Section 4 discusses how the new CF may 
inform better the decisions based on LCA o f  land-based 
systems in particular, and Section 5 provides conclusions 
and recommendations for further research.
2 Review of indicators for impacts on BPP at midpoint 
and endpoint levels
Impact indicators should be sensitive to variations in man­
agement, and accessible to many users (Kennedy and Smith 
1995). An array o f different land quality indicators have 
been suggested for use in LCA in several reports, including 
those presented by Baitz et al. (1999), Cowell (1998), 
Lindeijer et al. (1998), Lindeijer (2000), Mattsson et al. 
(1998), Koellner and Scholz (2007, 2008), M ichelsen 
(2008), Milà i Canals (2003), Milà i Canals et al. (2007c), 
Schmidt (2008), Wagendorp et al. (2006), Weidema and 
Lindeijer (2001), as reported by Milà i Canals et al.
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2007a). These, however, refer to general soil quality/life 
upport functions, and/or biodiversity, and not to BPP spe- 
ifically. Because soil quality in general is affected by many 
actors, many indicators are possible and an index that 
Deludes the many aspects o f soil quality has been developed 
e.g., Baitz et al. 1999). The potential o f the different soil 
[uality indicators to incorporate impacts from land use on 
ÎPP in LCA varies and is presented in Table 1, which 
xpands on the review made by Milà i Canals et al. 
2007c). Table 1 aims to summarise the pros and cons o f  
ie indicators that have been used for BPP. Further details 
re given by Brandao (2011).
In addition to the review presented in Table 1, the Joint 
Research Centre o f the European Commission led a review 
f  impact assessment methods for 11 impact categories 
eveloped for the International Reference Life Cycle Data 
System (ILCD) handbook (European Commission 2010) 
nd recommends SOC for land-use impacts at midpoint 
îvel (European Commission 2010). In this paper, we sug- 
est using changes in SOM (SOC)^ as an indicator for 
npacts on BPP.
Before the invention and use of synthetic fertilisers, SOM 
/as at the core o f soil fertility for biomass production, 
/hich is still the case for low-input agriculture, forestry 
nd organic/ecological agriculture (Van-Camp et al. 2004). 
iecause SOM affects, either directly or indirectly, most of 
le chemical, physical and biological properties of soil, it is 
lought to be a good measure o f changes in biological 
roductivity, since its presence determines the conditions 
ecessary for it. The anthropogenic causes o f SOM loss 
iclude land conversion, tillage, overgrazing, soil erosion, 
nd forest fires (Van-Camp et al. 2004).
Even though no conclusive quantitative relationship has 
een established between the two variables in a ceteris 
aribus way, there seems to be a positive correlation within 
srtain thresholds. Long-term experiments at Askov (Den- 
lark) and Rothamsted (England), from 1894 and 1843, 
îspectively, have shown that SOM has a significant impact 
n yields. Indeed, “irrespective of the amount o f N  applied, 
ields ... were larger on soils with extra SOM resulting from 
pplications o f FYM since 1843” (Christensen and Johnston
997). The mechanisms through which SOM can affect the 
ield o f arable crops include nutrient release, improved soil 
ructure, and improved waterholding capacity, “but these 
mnot be readily separated and quantified” (Christensen 
id Johnston 1997).
3 Description of the model to assess impacts on BPP 
from land use
In this section, the approach suggested by Milà i Canals and 
co-workers (2007c) and further detailed by Milà i Canals et 
al. (2007b), is presented in the context of the guidelines 
recommended by Koellner et al. (2012b).
3.1 Spatial model
The model presented in this paper addresses the impact path­
way linking land occupation and transformation flows to 
effects on soil physical, chemical and biological fertility as 
expressed by soil organic carbon (SOC). The model aims at 
global coverage o f all land use types identified by Koellner et 
al. (2012a) at the first land use classification level. For those 
land uses that involve biotic production, further refinement is 
desirable in order to capture differences in the land manage­
ment (e.g., intensive vs. extensive agriculture; permanent 
crops vs. annuals), and thus this paper goes a level deeper in 
the land use types classification for agricultural land uses. On 
the other hand, “artificial” land use types (e.g., those sealing 
the soil surface or heavily impairing its properties) may be 
modelled in a coarser way, and simplifying assumptions are 
presented to cover them at the most aggregate level suggested 
by Koellner et al. (2012a) (e.g., “artificial areas”).
The biogeographical differentiation that can be achieved 
in the calculation o f CF depends very much on the data 
available. This paper suggests differentiation at a climate 
region level for the background system; however, higher 
resolution (e.g., country, soil type) may actually be 
achieved with currently existing data provided in this 
paper (see Section 3.2).
As recommended by Koellner et al. (2012b), the SOC 
present in (quasi-)natural land cover predominant in global 
biomes and ecoregions is used as a reference against which 
SOC levels induced by the studied land use are assessed. 
The SOC content is influenced by soil type, climate region 
(or temperature regime), land-use type and land manage­
ment. In order to determine the average reference SOC in 
the different biomes or climate regions, a weighted average 
is applied to the values associated with the different soil 
types within each climate region (Table 2), which reflects 
the share of those soil types in each climate region. This is 
done with reference to GIS datasets, and results in the values 
shown in Table 3.
Soil organic matter (SOM) is best measured as soil organic carbon 
IOC), according to Reeves (1997). SOM content is measured as 
msity o f  SOC, and SOC is usually considered to be 58% o f  SOM, 
ving a conversion factor o f  1.72:1 (SOM /SOC) (Brady and Weil 
199). SOC is chosen in this paper as indicator for BPP.
3.2 Data collection
3.2.1 Inventoiy data required to model BPP
In this proposed model, the impact o f land use on BPP is a 
function o f three parameters: change in SOM content, area
^  Springer
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able 2 Soil organic carbon stocks under native vegetation (tonnes C ha in 0 -3 0  cm depth) (IPCC 2006)
llimate Region High activity clay soils Low  activity clay soils Sandy soils Spodic soils Volcanic soils Wetland soils
loreal 68 N A 1 0 117 2 0 146
lold temperate, dry 50 33 34 N A 2 0 87
lold temperate, moist 95 85 71 115 130 87
Varm temperate, dry 38 24 19 N A 70 88
^arm temperate, moist 88 63 34 N A 80 88
ropical, dry 38 35 31 N A 50 86
ropical, moist 65 47 39 N A 70 86
ropical, wet 44 60 6 6 N A 130 86
ropical montane 88 63 34 N A 80 86
nd time. The latter refers to both the duration o f occupation 
nd the rate of recovery. The change in organic matter from 
ccupation depends on the land use, soil type, location and 
lanagement; this change may be calculated by the LCA 
ractitioner for foreground systems, and expected average 
hanges are provided as CF for the background system in 
lis paper. Figure 1 illustrates the impact on BPP as indicated 
y SOC change (shaded areas) in changing land use, followed 
y occupation.
The impact is measured as a carbon deficit (or credit, 
xpressed by negative values) with the unit “kg Cyear”, 
îferring to the amount o f extra carbon temporarily present 
r absent from the soil due to the studied system compared 
3 a reference system (Milà i Canals et al. 2007c). In order to 
stimate the change in SOC caused by land use, the default 
alues suggested by IPCC for a large variety o f soil types, 
limatic conditions and management options may be used in 
first instance. The CF developed are derived from the SOC 
alues in Tables 2, 3, 4, 5 and 6 (extrapolated from IPCC 
003, 2006).
3.2.2 Regeneration time
The IPCC (2003, 2006) assumes that the regeneration 
time is 20 years between biotic land uses, i.e., that it 
takes 20 years following the environmental intervention 
in land use and management to reach a new equilibrium, 
although longer regeneration times are used for sealed 
land uses (see Section 3.2.2). In order to determine the 
steady-state SOC values associated with the different 
types o f land use and management, the reference values 
are calculated by multiplying the reference SOC with the 
IPCC factors (see Tables 4, 5 and 6). The CF for both 
land transformation and land occupation reflect the SOC 
deficit associated with each land-use intervention rela­
tive to the Native SOC (see Fig. 1). The carbon stock 
changes associated with land-use changes are assumed 
to happen instantly, so that the transformation impact 
can be fully ascribed to transformation processes, in­
stead o f occupation processes (see Koellner et al. this 
issue (b)).
able 3 Soil organic carbon stocks under native vegetation by Climate Region and Land U se Type (extrapolated from IPCC 2006)
LIMATE REGION A R E A  (km^) Relative (%) Permanent grassland Long-term cultivated N ative ecosystem  Set-aside Paddy rice
(tonnes C ha“* in 0 -3 0  cm  depth)
ropical, w et 9 ,408,767 7.0 58.0 56.6 57.4 53.3 58.5
ropical, m oist 17 ,451,444 13.0 56.2 58.4 54.1 59.0 62.0
ropical, dry 30,553 ,142 22.8 36.4 37.1 37.2 36 .4 38.7
opical montane 7 ,351,295 5.5 65.0 76.3 70.9 72.7 74.8
a^rm temperate, m oist 5 ,528,026 4.1 79.2 81.4 78.0 77.4 80.9
hrm temperate, dry 12,631,558 9.4 36.9 38.1 37.2 37.5 37.7
Dol temperate, m oist 11,808,612 8.8 91.3 94.3 95.0 96.0 96.6
Dol temperate, dry 12,221,975 9.1 49.1 51.4 49.2 50.3 50.3
oreal, m oist 13,770,293 10.3 84.1 70.9 85.1 73.8 66.1
areal, dry 3 ,808,837 2.8 74.9 72.7 81.8 74.1 71.8
liar, m oist 7 ,565,826 5.6 42.7 36.4 46 .4 36.6 25.5
)lar, dry 1,975,716 1.5 47.5 45.8 53.5 46 .6 45.2
)tal (without Antarctica) 134,075,489 100.0
^  Springer
l i a il .n r TO/' 0 / COpj/
Int J Life Cycle Assess
SOC
i^ R , Regeneration rate
Regeneration time
Time
tini tregeni tregen.potl tfin tregen2 tregen,pot2
ig . 1 Calculation o f  impacts on BPP measured by SOC (adapted 
om M ilà i Canals et al. 2007b)
In biotic land uses (e.g., agriculture and forestry), the 
verage time required to get to new steady state levels o f  
OC is assumed to be 20 years, as suggested by the IPCC 
1003, 2006). This time is clearly too short in many occa- 
ons, and particularly for transformations from low SOC 
ind uses (e.g., arable land) to high SOC land uses (e.g., 
)rest) the build-up o f SOC may take considerably longer 
ATBGU 1998). In addition, agricultural soils seem to be 
most always far from equilibrium (e.g., Ceschia et al. 
310). However, for the time being this simplification has 
:en considered to be valid for land uses where the soil is 
mctioning. For artificial land use types (sealed land), 
here soil has been removed or significantly impaired, the 
generation times are estimated based on Lindeijer et al.
998) (see Saad et al. 2012; de Baan et al. (2012).
2.3 Calculation o f  impacts on BPP
ie method developed by Milà i Canals et al. (2007c) has 
;en slightly modified to follow the considerations dis- 
issed by Milà i Canals et al. (2007a) and Koellner et al. 
012b). The general formula used to calculate CF for land 
insformation flows is shown in Eq. 1, and that for land 
:cupation flows is shown in Eq. 2 (see Fig. 1 for an 
ustration o f the formula’s parameters).
: [ k g C y e a r m - 2 ]  =  (SOCpot -  S O C lui )
X (^ regenl Ani) ~i~ ^  (^ regenl Ani)
X (S O C lu i — S 0 C lu2)
(1)
lere SOCpot is the potential level o f SOC if land is left 
disturbed (i.e.. Native SOC); S O C l u i the SOC level in 
Î land use prior to the transformation/occupation studied; 
)Clu2 is the SOC level in the subsequent land use; ti„j is 
Î moment when the transformation and subsequent occu- 
tion takes place (assumed to be simultaneous); at tf^, the 
cupation period ends; at r^egen, SOC has reverted to the
level prior to land transformation; and A-egen,pot is the time 
when the system reaches its potential quality (Native SOC). 
tregen may be calculated from the regeneration rate (B) if  
known; see above for the considerations used in this study 
for the generic CFs. The equation assumes a linear evolution 
o f SOC, as suggested by Milà i Canals et al. (2007a). The 
first component o f the numerator refers to the impacts due to 
the postponed regeneration of the system, whereas the sec­
ond component refers to the impacts due to the change SOC 
following transformation. The denominator serves to ex­
press the CF in m~  ^year"  ^ (all the SOC values are expressed 
per square meter), which applies to occupation CFs only."*
AC [kg C year m“  ^year" ^  ]
_ (SOCpot — S0ClU2) X (^ fin — Ani)
(ifm Ani) (2)
The following example shows how to calculate the changes 
in SOC due to land-use change effects for a conversion o f set- 
aside land in the UK for annual crop production:
Climate Region: Cold temperature 
Moisture Regime: Moist 
Soil type: High activity clay soils 
Land use 1 : Set-aside (<20 years)
Land use 2: Long-term cultivated 
Land management: Full tillage, high input without manure 
Original carbon stock=95x 0.82=77.9 tonnes o f carbon/ 
ha (see Tables 2 and 4)
Final carbon stock=95x0.69x l.OOx 1.11=72.8 tonnes 
o f carbon/ha (Tables 2, 4, and 5)
Change in carbon stock=-5.1 tonnes carbon/ha
The characterisation factor for this land transformation is 
therefore:
AC [kg C year m-^] =  (9.50 -  7.79) x (4.6 -  0)
4-j  ( 4 .6 - 0 )  X (7.79 -  7.28) =  9
The characterisation factor that would be considered for 
each year o f land occupation as annual crop production in 
the UK after this transformation would be:
AC [k gC yearm -:year'] =  =  2.2
Generic CF for the first level o f land use classification 
and spatial differentiation as suggested by Koellner et al. 
(2012a) are offered in the electronic Appendix.
The only difference between the equation for calculation CFs for 
transformation from that for occupation is that the latter is not 
expressed per m^ and year and therefore excludes the denominator in 
Eq. 1.
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Table 4 IPCC Land use factors, unitless (IPCC 2006)
.and use Temperature regime Moisture regime IPCC defaults Error (±)
.ong-term cultivated Temperate/Boreal Dry 0.80 9%
M oist 0.69 1 2 %
Tropical Dry 0.58 61%
MoistAVet 0.48 46%
Tropical montane n/a 0.64 50%
'ermanent grassland All All I.OO
'addy rice A ll Dry and MoistAVet 1 . 1 0 50%
erennial/tree crop A ll 1 . 0 0 50%
et-aside ( < 2 0  years) Temperate/boreal and tropical Dry 0.93 1 1 %
MoistAVet 0.82 17%
Tropical montane n/a 0 . 8 8 90%
.2.4 Allocation o f  land transformation impacts attributed to any o f the first 20 years o f cropping in a m^
following transformation would therefore be 9/20+2.2=
ts suggested by several authors, legislation and greenhouse 2.7 kg C year m  ^ year Other approaehes to allocation.
as accounting schemes (EU 2010; B SI2011; Koellner et al. not used in this paper, include a consequential approach (e.g..
012b; Flynn et al. 2011), we have equally allocated land Schmidt 2008) or allocating all land transformation to the total
•ansformation impacts to the first 20 years of land occupa- current amount of land used, e.g., in a country (e.g., Pfister et
on. In the above example, the land use impacts on BPP al. 2010; Milà i Canals L et al. 2012).
able 5 IPCC Land management factors for cropland, unitless (IPCC 2006)
and-use management Temperature regime Moisture regime IPCC defaults Error (±) (%)
ull tillage All D iy  and MoistAVet 1 . 0 0 N A
educed tillage Temperate/Boreal Dry 1 . 0 2 6
M oist 1.08 5
Tropical Dry 1.09 9
MoistAVet 1.15 8
Tropical montane n/a 1.09 50
0  tillage Temperate/Boreal Dry 1 . 1 0 5
M oist 1.15 4
Tropical D iy 1.17 8
Moist/Wet 1 . 2 2 7
Tropical montane n/a 1.16 50
ow input Temperate/Boreal Dry 0.95 13
M oist 0.92 14
Tropical Dry 0.95 13
Moist/Wet 0.92 14
Tropical montane n/a 0.94 50
[edium input All Dry and Moist/Wet 1 . 0 0 N A
igh input without manure Temperate/boreal and tropical Dry 1.04 13
Moist/Wet 1 .1 1 1 0
Tropical montane n/a 1.08 50
igh input with manure Temperate/boreal and tropical Dry 1.37 1 2
Moist/Wet 1.44 13
Tropical montane n/a 1.41 50
^  Springer
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able 6  IPCC Land management factors for permanent grassland, unitless (IPCC 2006)
,and-use management Temperature regime IPCC defaults Error (±) (%)
lominally managed (non-degraded) All 1 . 0 0 N A
loderately degraded Temperate/Boreal 0.95 13
Tropical 0.97 11
Tropical Montane 0.96 40
everely degraded All 0.70 40
nproved grassland Temperate/Boreal 1.14 1 1
Tropical 1.17 9
and management (for improved grassland only)
Tropical Montane 1.16 40
ledium All 1 . 0 0 N A
igh A ll 1 .1 1 7%
,3 Land use impacts calculation
he regeneration times considered for SOC are always 
lorter than the suggested modelling period for land use 
npacts (500 years; see Koellner et al. 2012b). Therefore, no 
ovision for the calculation o f permanent impacts is made
Eq. 1. It is possible, particularly for land uses where soil
completely removed and there is no active restoration 
1er the land use that recovery of SOC would actually take 
nger than 500 years. In such cases, the recommendations 
1 Koellner et al. (2012b, Fig. 2) should be followed to 
ilculate the CF for BPP.
In terms o f uncertainty, the values for SOC evolution 
ovided by IPCC (2003, 2006) suggest the order of mag- 
tude for the expected error. This addresses partially the 
rge uncertainties expected in the assessment o f BPP. In 
Idition to the statistical uncertainty for the aspects that are 
town (e.g., SOC levels in spécifié soils or regions), there 
e sources o f uncertainty in ascribing specific climatic 
gional values to specific biomes; the actual location o f  
3 studied land uses (which may vary between regions/ 
mates according to the time of the year or the supplier); 
il management practices; etc.
Discussion
couple o f recent case studies used earlier versions of the 
)C-based CF, and provide an indication of their useful- 
ss. Milà i Canals L et al. (2008) studied several supply 
ains providing vegetables in the UK but based around the 
>rld. Their main findings in relation to soil quality as 
licated by SOC were that “stages different than cropping 
g., mining for kerosene production) may dominate the 
pacts related to land use, even if  cropping still dominates 
: amount of m  ^ year”. Thus, in that case, SOC as an 
licator was usefu l to d istinguish  betw een very
differentiated production systems (one based on local pro­
duction vs. one reliant on air freight). Brandao et al. (2011) 
offer a recent case study o f LCA o f bioenergy production 
from land in the UK. In that work, the estimates are all 
derived from values from different literature. They find that 
estimates o f changes in SOC are highly dependent on the 
input data for the initial SOC and on the reference system 
used for comparison; and that SOC evolution depends 
strongly on management practices and location, and so any 
decision to use a particular input value instead o f another 
should be properly justified. Therefore, while the results 
obtained in that study are plausible, they should also be 
interpreted as broad comparisons only, even though the 
differences found between different land uses are so large 
that they may be considered significant. The added value o f  
the present paper is to have consistently derived CFs from a 
single and authoritative data source, the IPCC, covering the 
entire globe.
Milà i Canals L et al. (2012) apply for the first time the 
CF developed in this paper in a case study o f margarine 
production. They find that the impacts on BPP are largely 
dominated by the agrieultural phases (growing o f several oil 
crops for the margarine), and by occupation rather than 
transformation flows. Due to this, those crops with lower 
yields tend to show larger impacts on BPP. One limitation o f  
the CF provided here that is highlighted by Milà i Canals L 
et al. (2012) is the poor differentiation o f permanent crops 
(plantations); at the moment the same CF as forests (0) are 
used for permanent crops, which is likely to underestimate 
the impacts o f such crops.
Because the factors affecting BPP are complex and vary 
across the different regions of the world, it is challenging to 
model BPP accurately. It may indeed be argued that SOC is 
too limited to represent BPP properly; other authors (e.g., 
Pfister et al. 2010) suggest combining biodiversity and BPP 
indicators (NPP) to provide CF for “ecosystem quality” at 
the damage level. While we accept the value o f combining
Springer
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lifferent aspects o f land quality such as biodiversity and 
productivity, assessing such impacts at the midpoint level 
las the advantage o f making trade-offs between such 
ispects evident. In addition, and despite the multitude o f  
nterconnected ecosystem properties that determine BPP, the 
adoption o f SOC as a single indicator is a reasonable sim­
plification supported by evidence that SOC is closely related 
0 BPP (Christensen and Johnston 1997).
The rationale for suggesting SOC as an indicator for BPP 
ies in the fact that SOM is a common link between them, 
tierefore being a good candidate for a stand-alone indicator, 
lowever, even though many researchers accept the para­
mount importance of SOC in soil fertility and thus BPP, it 
leeds to be stressed that the link between SOC and BPP 
leeds to be further tested in a variety o f soils and regions.
The relevance o f SOC in life-cycle stages other than 
iotic production (agriculture, forestry) is not straightfor­
ward. Particularly where soil has been removed (e.g., in a 
uarry) or sealed (e.g., road), it may be confusing to express 
npacts on BPP by SOC deficit. The strength o f LCA lies in 
le fact that all stages related to a product or service are 
icluded in the assessment. Therefore, it is vital to commu- 
icate the effects on BPP in all these stages properly.
Further to published case studies where CF for land use 
npacts have been applied, the new CF develop further the 
work existing so far on SOC as an indicator for soil quality 
y providing a first degree of spatial differentiation at the 
limate region level. This will allow some further differen- 
ation in the impact assessment phase; the significance of  
lis differentiation will need to be tested in further case 
tudies. Increasingly refined data for SOC in many regions 
re continuously being produced, which ensures continuity 
nd environmental relevance in the use o f SOC as indicator 
)r land use impacts on BPP.
Conclusions and needs for further research
he importance o f land in providing biomass is widely 
zknowledged, as is its susceptibility to degradation induced 
y human activities. This paper has reviewed indicators for 
PP and, building on previous references advocating for the 
se o f SOC and collating new data sources for SOC in 
ifferent land use types and ecosystems, provided opera- 
onal CF to include impacts on BPP on a global scale. The 
friability in CF induced by, e.g., climatic conditions, soil 
p^es, specific management, results in a wide difference of  
ipacities to support biomass production; this is addressed 
ith CF covering this wide range o f conditions. The latest 
ise studies (this issue) show how the new level o f refine- 
lent both in terms of land use types and spatial differenti- 
ion are relevant in driving the results o f impacts on BPP, 
though more work is required particularly in further
differentiating and assessing biotic land uses (e.g., perma­
nent crops, forestry) and in estimating regeneration times.
New case studies to test the sensitivity of the CF are also 
required. In particular, complex product systems combining 
bio-based production and “artificial land uses” would be 
helpful to identify less obvious hotspots.
The approach presented in this paper is built on the 
assumption/evidence that SOC is closely linked to BPP; 
further evidence of this link is required in order to prove 
the validity o f this indicator in different soils across the 
globe.
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abstract
^urpose To assess the diverse environmental impacts o f  
ind use, a standardization o f quantifying land use elemen- 
iry flows is needed in life cycle assessment (LCA). The 
urpose o f this paper is to propose how to standardize the 
md use classification and how to regionalize land use 
lementary flows.
daterials and methods In life cycle inventories, land occu- 
ation and transformation are elementary flows providing
relevant information on the type and location o f land use for 
land use impact assessment. To find a suitable land use 
classification system for LCA, existing global land cover 
classification systems and global approaches to define bio­
geographical regions are reviewed.
Results and discussion A new multi-level classification o f  
land use is presented. It consists o f four levels o f detail 
ranging from very general global land cover classes to 
more refined categories and very specific categories
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ndicating land use intensities. Regionalization is built 
>n five levels, first distinguishing between terrestrial, 
reshwater, and marine biomes and further specifying 
limatic regions, specific biomes, ecoregions and finally 
ndicating the exact geo-referenced information o f land 
ise. Current land use inventories and impact assessment 
aethods do not always match and hinder a comprehen- 
ive assessment o f land use impact. A standardized 
lefinition o f land use types and geographic location 
lelps to overcome this gap and provides the opportunity 
3 test the optimal resolution o f land cover types and 
sgionalization for each impact pathway.
Conclusions and recommendation The presented approach 
rovides the necessary flexibility to providers o f inventories 
nd developers o f impact assessment methods. To simplify 
iventories and impact assessment methods o f land use, we 
eed to find archetypical situations across impact pathways, 
md use types and regions, and aggregate inventory entries 
nd methods accordingly.
[eywords Global • Land cover • Life cycle assessment • 
egionalization
Introduction
1 order to perform an impact assessment o f land use 
ithin the framework o f life cycle assessment (LCA), it 
; necessary to register the “amount” o f land use in life 
/cle inventories (LCIs). This information on quantity 
id quality (type, intensity, and location) o f land use is 
seded by several life cycle impact assessment (LCIA) 
lethods to assess land use impacts on biodiversity or 
:osystem services, such as, carbon sequestration, biotic 
reduction, or erosion regulation (Koellner et al. 2012). 
0 assess the overall impact o f land use, the land use 
ementary flows in the inventory need to be in a 
trmat that provides the relevant information to all o f  
lese impact assessment methods spatially explicit. The 
gionalization o f land use assessment was identified as 
le o f the major gaps in LCA (Milà i Canals et al. 
)07). For the practical development o f the LCA meth- 
iology, it is crucial to define how to classify land use 
id how to register the location o f land use. In order to 
low exchange o f data between inventories it would be 
îsirable to standardize the classification and regional- 
ation o f land use. The aim o f this paper is to present 
ich a possible standardization o f land use classification 
id regionalization to allow a harmonized development 
' characterization factors (CFs) and inventory data- 
ises, which can be used to calculate land use impact 
tes dependently, according to the scale o f the CF.
2 Materials and methods
2.1 Land use elementary flows
In LCA, land occupation and land transformation can be 
distinguished as basic types o f land use elementary flows 
(Milà i Canals et al. 2007). They result in either damage to 
or benefits for ecosystem quality. Whereas land transforma­
tion causes a change in ecosystem quality, land occupation 
delays recovery. For example, the conversion o f tropical 
forest into cropland causes a drop in biodiversity and dam­
ages the original ecosystem. The continuous use o f such 
cropland hinders the regrowth o f tropical forest. In order to 
assess the impact o f such land uses, it is necessary to at least 
register in the LCI the type of land use, the spatial extent, the 
temporal extent, and the geographical location (Milà i 
Canals et al. 2007). In LCIs, the elementary flows o f land 
use are therefore specified as follows:
• For land occupation: square meter x years, land use type 
i, and region k
• For land transformation: square meter, initial land use 
type i—»final land use type j, and region k
Human activities do not only alter the terrestrial but also 
the aquatic surface. Some processes imply the occupation or 
transformation o f water surface (e.g., building a street on top 
of a river) or the bottom o f water bodies (e.g., fish trawling). 
Mila i Canals et al. (2007) define “physical changes in the 
seabed” as land use-related impacts and distinguish between 
occupation and transformation impacts. The use of aquatic 
surface can cause environmental impacts and should be 
listed in LCIs as this is done in Ecoinvent (Frischknecht 
and Jungbluth 2007). In the following, we therefore also 
discuss the classification o f surface use on top o f or under 
water bodies. For simplicity, we use the term “land use” to 
express the use o f terrestrial as well as aquatic surface.
2.2 Land use classification for life cycle inventories
In order to perform an analysis o f the impact o f land use on 
biodiversity and ecosystem services, it is important to use a 
comprehensive classification of all existing land uses and 
resulting land covers, avoiding the tag “unclassified land” 
while focusing on differentiating land uses only when rele­
vant fi-om an impact assessment point o f view. This system 
has to be applicable at a global scale to allow the compar­
ison o f similar products and services coming from different 
parts o f the world.
There is a difference between the terms land cover and 
land use. Here, we follow Di Gregorio and Jansen (2005) 
who define land cover as “the observed (bio) physical cover 
on the earth’s surface, including the vegetation (natural or 
planted) and human constructions (buildings, road, etc.).
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vhich cover the earth’s surface. Land use is characterized by 
he arrangements, activities, and inputs people undertake in 
. certain land cover type to produce, change, or maintain it. 
.and use establishes a direct link between land cover and 
he actions o f people in their environment.”
Land cover classification systems may be a useful instru­
ment for defining types of land transformation and land 
ccupation. At a given location where land use was absent 
rom the near past up to the present time, the actual land 
over corresponds to the potential natural vegetation (e.g., 
rassland, natural). In contrast, land use by humans at pres- 
nt or in the near past generally results in a land cover that is 
on-natural for this location (e.g., urban land, continuously 
uilt). Thus, it is practical to name a type o f land occupation 
fter the land cover that is maintained in its previous state by 
lis land occupation: “Occupation as arable land” is a type 
f  land occupation that enforces, against the forces o f na- 
ire, the continuation o f the non-natural land cover “arable 
ind.” Further, a conversion o f an area’s land cover is 
ntiated by a land transformation. A  given type o f land 
ansformation can therefore be named after a pair o f land 
)vers, that is to say, the land cover before transformation 
id the land cover after transformation. “Transformation 
om grassland to irrigated arable land” is thus a transfor- 
lation that converts a preexisting land cover “grassland” 
wards a new land cover “irrigated arable land.”
Below, we discuss available systems for land cover clas- 
fication, with respect to their appropriateness for naming 
pes of land occupation and land transformation in LCA. A  
nd use classification in LCA should preferentially be de- 
^ed from a land cover classification system which (1) is 
idely accepted (so that the chances are good to have access 
large and well-maintained data bases), (2) distinguishes 
nd cover types in environmentally relevant classes (also 
dicating information on land use intensity), and (3) clas­
ses individual cases of land use into types in such a way 
at they cause roughly similar environmental impacts under 
ven biogeographical conditions (so that reasonable char- 
terization factors can be worked out per land use type and 
Dation).
3 Existing land use and cover classifications outside LCA
fferent projects describe and classify the earth surface 
iri et al. 2005; Latifovic et al. 2004). A common nomen- 
iture including all land cover types found on the earth 
rface is fundamental in order to homogenize the classifi- 
tion. For this purpose, the Land Cover Classification 
stem (LCCS) software developed by the Food and Agri- 
Iture Organization and United Nation Environmental Pro- 
im (UNEP) was developed (Di Gregorio and Jansen 
05). The LCCS supplies, at the same time, a uniform 
ssification method which still provides flexibility for the
description o f the land cover in the national and regional 
levels. These characteristics are relevant in order to compare 
similar land cover situated in different continents, for exam­
ple, grassland in Europe compared with grassland in South 
America. LCCS was used to develop the classification for 
two important global land cover maps: Global Land Cover 
2000 and GlobCover.
The Global Land Cover 2000 (GLC 2000) project devel­
oped a new global land cover classification useful for envi­
ronmental decision support by the industries, governmental, 
and non-govemmental organizations (Bartholomé and 
Belward 2005). The GLC 2000 classification divides the 
earth surface into 18 regions. In order to achieve a consistent 
land cover map, each continent is analyzed individually 
following the same guidelines. Each region was mapped 
using the SPOT-4 VEGETATION VEGA2000 sensor. This 
vegetation sensor o f the SPOT-4 satellite provides daily 
images with global coverage with a pixel resolution o f 1 
km at the equator.
The GlobCover is a more recent land cover map devel­
oped by the European Space Agency (Arino et al. 2007). 
According to an oral communication with Steffen Fritz 
(Intemational Institute for Applied Systems Analysis, Aus­
tria) it has some advantages compared to GLC 2000: Glob­
Cover has an approximately ten times higher resolution than 
GLC 2000 (especially in the Amazon, patterns o f defores­
tation can be better seen) and the GlobCover uses fully 
automated and repeatable classification. However, accord­
ing to Fritz, a thematic accuracy assessment revealed that for 
73% (area weighted) o f the land GlobCover showed a 
similar accuracy than GLC 2000, but in some areas it is 
clearly less accurate than GLC 2000. At the same time, there 
is no clear improvement in thematic quality although it has 
higher data volumes. Some legend classes in GlobCover 
contain a high number o f mosaic classes (e.g., class mosaic 
cropland/forest or shmb land or grassland), which is a 
disadvantage for LCA purposes. Another clear disadvantage 
is the lack of regular and frequent updates of both global 
land cover maps, which would allow the analysis o f  
changes.
The CORINE Land Cover Project (European Environ­
mental Agency 2000) offers a detailed classification o f  
Europe’s land cover. The CORINE program compiles the 
environmental information to facilitate the decision-making 
process o f the European community’s environmental policy. 
Artificial and natural surfaces are classified by the CORINE 
system with a spatial resolution o f 100 and 250 m which is 
repeated every 5-10 years. The classification is organized 
into three levels o f detail: on the first level, the main cate­
gories are artificial surfaces, agricultural surfaces, forest and 
semi-natural areas, wetlands, and water bodies. These five 
categories are divided into 15 classes on the second level 
and 33 subclasses on the third level. CORINE is a practical
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:lassification system for the purpose o f LCA because it has 
I precious advantage; it already describes the urban and 
ndustrial infrastructures according to different types o f an- 
hropogenic use. For example, the artificial surfaces catego- 
y distinguishes between rails and roads, airports and 
ailway stations, and built up areas o f different levels o f  
ntensity. The same is true also for the agricultural areas 
vhere the distinct types o f cultivation methods are listed. 
The disadvantage o f the CORINE classification is the fact 
hat it only takes the European land cover into account and 
s therefore limited for a global use.
GL0BI03 is a new Global Biodiversity Model (Alkemade 
it al. 2009) in order to assess the impacts o f land use changes 
in terrestrial biodiversity. The land cover classification is 
lased on GLC 2000, aggregating the classes into seven broad 
and use classes (snow and ice, bare areas, forests, scrublands 
nd grasslands, mosaic: cropland/forest, cultivated and man- 
ged areas, and artificial surfaces). For an LCA purpose, this 
lassification can be very coarse for some applications but can 
lelp to simplify the GLC 2000 classes.
.4 Existing land use and cover classifications in LCA
Loelhier et al. (Koellner 2003; Koellner and Scholz 2008a; 
Loellner and Scholz 2008b) elaborates a more detailed 
30RINE Plus classification that matches the requirements 
f  the LCA better. The proposed CORINE Plus system takes 
ito account the distinct methods applied in cropland and 
asture, for example, organic or integrated cultivation. The 
pplication of pesticides and the use o f organic fertilizers 
ave different impacts on the environment, like monocul- 
ires and polycultures can influence the biodiversity or 
cosystem services in distinct manners. A disadvantage of 
le CORINE Plus Classification is its complexity.
The Life Cycle Inventory database ecoinvent 2.0 holds 
xtensive data on land use of industrial processes (Frischknecht 
nd Jungbluth 2007). It uses a land classification, which is 
ased on the CORINE (Plus) Classification, but has a much 
)wer number of land use classes. The disadvantage is that it 
mits classes, which are near to nature and beneficial from a 
iodiversity or ecosystem services point o f view. For many 
CA applications this is not a problem, but for assessing 
green” land uses (e.g., occupation of piimaiy forest) to com- 
ensate intense land uses (e.g., crop production) the current 
coinvent classification is not sufficient. Also, the assessment 
f  ecosystem services as input into the production system is not 
Dssible without taking near-to nature land uses into account, 
coinvent database version 3 has based its land classification 
n the typology presented in this paper (Weidema et al. 2011).
The classification o f land use within the LCIA method 
eCiPe defines 18 categories. A comparison of land use 
rpes as defined in Ecoinvent and ReCiPe can be found in 
le final report (de Schryver and Goedkoop 2008). For
agricultural land use types (crops/weeds, fertile and infertile 
grassland, tall grassland/herb) a distinction between mono­
culture, intensive, and extensive land is made. Forests are 
distinguished by tree types (coniferous, broad-leafed, 
mixed) and intensity of use (monoculture, plantation, exten­
sive). The advantage of this method is the inclusion o f main 
land use and boundaries (which are o f special importance 
for biodiversity). However, this classification does not nec­
essarily encompass all relevant global land cover types.
2.5 Regionalization of inventories
In order to allow a sophisticated LCIA of land use, a regional 
approach is required. This is because land use impacts on 
biodiversity or ecosystem services can be very region specific. 
For example, the occupation of cropland in a naturally biodi­
versity poor region in Europe has a different ecological impact 
compared to the occupation o f cropland in a hot spot o f  
biodiversity in Latin America. In the following, we describe 
some existing approaches to global regionalization.
The Holdridge’s life zones system (Holdridge 1947) is 
characterizing all world regions’ vegetation types based on 
three variables: mean aimual precipitation, mean annual 
biotemperature (the mean o f all temperatures above 0°C 
because below this temperature plants are dormant), and 
ratio o f annual potential évapotranspiration to rainfall. 
According to these three criteria, it is possible to predict 
the type o f vegetation growing in a certain area. The Hol­
dridge’s life zones system is widely used in the scientific 
literature for the classification o f global distribution o f veg­
etation classes.
An alternative is the classification o f the terrestrial and 
freshwater biomes and ecoregions that was developed by 
Olson et al. (2001). The system o f ecoregions is based on a 
schema of eight biogeographic realms and 14 biomes that 
are subsequently divided into more than 867 terrestrial and 
freshwater ecoregions. Each o f the ecoregions is described 
and assessed according to its biodiversity, environmental 
properties, climatic condition, and habitat diversity. In addi­
tion, about 238 ecoregions, both terrestrial and freshwater, 
with the highest global relevance for biodiversity conserva­
tion are defined (Olson and Dinerstein 1998). Freshwater 
ecosystems are divided in this system into lakes, small rivers 
and streams, and large rivers. The following marine ecosys­
tems are distinguished: large deltas, mangroves, and estuar­
ies; coral reef and associated marine ecosystems; coastal 
marine ecosystems; and polar and subpolar marine ecosys­
tems. Spalding et al. (2007) developed a congruent classifi­
cation for coastal and shelf biomes and ecoregions. The 
classification is based on information like range discontinu­
ities, dominant habitats, geomorphological features, cur­
rents, and temperatures. As a result, the classification does 
distinguish 12 realms and 232 ecoregions for coastal and
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helf ecosystems on a global scale. Those ecoregions are 
ncreasingly used for conservation planning by the WWF.
For practical purposes, the political borders o f nation 
ountries (n=194) can serve as a basis for regionalization 
•f land use inventories. Inventory data will mostly be more 
asily available on the level o f countries than on ecoregions 
ir biomes. However, for large countries, this scale might be 
DO coarse to reflect the regional differences.
Results
. 1 A land use and land cover classification for LCA on a 
:lobal scale
’he development o f the classification o f land use and land 
over as presented in Table 1 is based on the classifications 
escribed above. It consists o f four levels o f detail:
Level 1 uses very general land use and land cover 
classes (from GLC 2000),
Level 2 refines the categories o f level 1 (using mainly 
the classification o f ecoinvent v2.0 and GL0BI03), 
Level 3 gives more information on the land management 
(e.g., irrigated versus non-irrigated arable land), and 
Level 4 mostly specifies the intensity of the land uses 
(extensive versus intensive land use). However, for for­
est and grassland, this information is already given at 
level 3.
The first level has to fulfill the criterion o f global and 
omogeneous application. This criterion can be satisfied 
sing the GLC 2000 system. The aggregation o f the GLC 
000 classes into broader categories allows reducing the 
omplexity. The data from the year 2000 can serve as a 
aseline to normalize land occupation for all world regions, 
he other levels o f the classification have to take different 
egrees o f land use intensities into account. This criterion 
an be fulfilled by the classification used in ecoinvent v2.0. 
lowever, some changes are introduced:
First, the class “tropical rain forest” o f ecoinvent is 
deleted because this is a geographical specification, 
which is done consistently for all land use types with a 
regionalization approach.
Second, several new land use types are introduced: 
occupation with primaiy forest, coastal wetlands, inland 
wetlands, grassland, agricultural fallow with hedgerows, 
urban fallow, and bare areas. This allows assessing such 
“green” land use types in a LCA framework.
Third, the classification of areas permanently covered 
with water is extended (which in ecoinvent v2.0 only 
consists o f the three categories: water courses, artificial; 
water bodies, artificial; and sea and ocean). We distin­
guish on the second level between rivers, lakes, and
seabed; on the third level, between use, non-use or 
artificially created; and on the forth level, the use 
intensity.
The structure into different levels permits to elaborate the 
analysis according to the level o f detail necessary or avail­
able. For example, if  one decides to compare the environ­
mental impact o f occupying a piece o f forest, taken as a 
whole category, with the occupation o f grassland, only the 
first level o f classification is needed. On the other hand, the 
accurate distinctions depicted in the second and third level 
o f the classification system are required if  one decides to 
assess the environmental impacts o f different agricultural 
methods.
A good deal o f the N land use classes listed in Table 1 can 
be expected to appear as types o f land occupation in prac­
tical life cycle inventories. Theoretically, the corresponding 
number o f possible land transformations is A x (A - l) ,  but 
the great majority o f these will be o f no practical relevance 
(e.g., transformation from permanent crops to seabed or vice 
versa).
3.2 Regionalization of land use elementary flows in LCA
The crucial question is what level o f geographical detail for 
land use elementary flows is needed and sensible in LCA 
studies. The levels o f regionalization may well differ be­
tween the goals and scope o f specific studies. For this 
purpose, we also suggest a regionalization with different 
levels o f detail. Especially in the foreground system there 
can be land use elementary flows, which are geo-referenced 
with exact information on longitude and latitude. For many 
elementary flows, especially in the background system of 
LCIs, only coarse geographical information might be avail­
able (e.g., on the level o f biomes or countries). On the other 
hand, the required level o f regional differentiation may 
differ for the assessment o f individual impact pathways. 
Further refinement is restricted if  the differences between 
finer spatial differentiation are smaller than the uncertainty 
in measuring such impacts. For this reason, we propose a 
flexible system for regionalization o f land use on five levels, 
whereof levels 1, 2, and 3 are explicitly shown in Table 2:
• Level 1: differentiation between terrestrial biomes, 
freshwater biomes, coastal water, and shelf biomes 
(shallower than 200 m) and deep sea biomes
• Level 2: climatic regions (tropical/subtropical, temper­
ate, boreal, polar)
• Level 3: classification for terrestrial and freshwater bio­
mes (n=16) by Olson et al. (2001) and classification for 
marine biomes («=3) based on the eight realms by 
Spalding et al. (2007). The biomes can be further distin­
guished for continental plates: Australasia, Afrotropic,
^  Springer
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fable 1 Land use and cover classification for LCA
D use Land use/cover class Description mainly taken from Alkemade et al. 2009; Koellner and Scholz 
2008a, and ecoinvent 3.0
) Unspecified Land use and cover not known
).l Unspecified, used Human land use and resulting land cover not known
1.2 Unspecified, natural (*) Natural land cover not known
Forest^ Areas with tree cover >15%
.1 Forest, natural (*) Forest not used by humans
.1.1 Forest, primaiy Forests minimally disturbed by human impact, where flora and fauna 
species abundance is near pristine
.1.2 Forest, secondary Areas originally covered with forest or woodlands, where vegetation 
has been removed, forest is re-growing and is no longer in use
.2 Forest, used Forests used by humans
.2.1 Forest, extensive Forests with extractive use and associated disturbance like hunting, 
and selective logging, where timber extraction is followed by re-growth 
including at least three naturally occurring tree species
.2.2 Forest, intensive Forests with extractive use, with either even-aged stands and clear-cut 
patches, or less than three naturally occurring species at planting/seeding
Wetlands Areas regularly flooded, eventually with tree cover, closed to open 
(>15%)
.1 Wetlands, coastal'’ (*) Areas tidally, seasonally or permanently waterlogged with brackish or 
saline water. Includes costal marshland, mangroves and salt marshes. 
Excludes coastal land with infrastructure or agriculture
.2 Wetlands, inland*’ (*) Areas partially, seasonally, or permanently waterlogged. The water may 
be stagnant or circulating. Includes inland marshland, swamp forests 
and peat bogs
Shrub land*' (*) Areas with shrub-dominated sclerophyllous vegetation
Grassland® Herbaceous cover, closed to open (>15%) with scattered shrubs or trees
.1 Grassland Naturally grassland dominated vegetation
.1.1 Grassland, natural (*) Grassland-dominated vegetation, fauna and flora near pristine (e.g., 
steppe, tundra, savannah)
.1.2 Grassland, for livestock grazing Grasslands where wildlife is replaced by grazing livestock
.2 Pasture/meadow Areas that have been converted to grasslands for livestock grazing or 
fodder production
.2.1 Pasture/meadow, extensive Pasture with low number o f livestock or meadows mechanically 
harvested 2 or 3 times per year, reduced input o f  fertilizer
.2.2 Pasture/meadow, intensive Pasture with high number o f livestock or meadows mechanically 
harvested 3 times or more per year, fertilizer applied
Agriculture^ Areas used for crop production
.1 Arable Cultivated areas regularly ploughed and generally under a rotation 
system. Cereals, legumes, fodder crops, and root crops. Includes 
flower and tree (nurseries) cultivation and vegetables as well as 
aromatic, medicinal and culinary plants. Excludes permanent pastures
.1.1 Arable, fallow Cropland temporarily not used (<2 years)
.1.2 Arable, non-irrigated Annual crop production based on natural precipitation (rainfed agriculture)
.1.2.1 Arable, non-irrigated, extensive + Use o f chemical-synthetic and organic fertilizer as well as pesticides 
is reduced
,1.2.2 Arable, non-irrigated, intensive + Chemical-synthetic and organic fertilizer as well as pesticides are applied
.1.3 Arable, irrigated Annual crops irrigated permanently or periodically, using a permanent 
infrastructure (irrigation channels, drainage network). Most o f  these 
crops like rice could not be cultivated without an artificial water supply. 
Does not include sporadically irrigated land
1.3.1 Arable, irrigated, extensive + Use o f chemical-synthetic and organic fertilizer as well as pesticides 
is reduced
1.3.2 Arable, irrigated, intensive + Chemical-synthetic and organic fertilizer as well as pesticides are applied
1.4 Arable, flooded crops
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able 1 (continued)
D_use Land use/cover class Description mainly taken from Alkemade et al. 2009; Koellner and Scholz
2008a, and ecoinvent 3.0
Areas developed for rice cultivation. Flat surfaces with irrigation
channels. Surfaces regularly flooded
.1.5 Arable, greenhouse Crop production under plastic or glass
.1.6 Field margins/hedgerows Areas between fields with natural vegetation
.2 Permanent crops Perennial crops not under a rotation system which provide repeated
harvests and occupy the land for a long period before it is ploughed
and replanted: mainly plantations o f woody crops
.2.1 Permanent crops, non-irrigated Perennial crops production based on natural precipitation (rainfed
agriculture)
.2.1.1 Permanent crops, non-irrigated, extensive + Use o f chemical-synthetic and organic fertilizer as well as pesticides
is reduced
.2.1.2 Permanent crops, non-irrigated, intensive + Chemical-synthetic and organic fertilizer as well as pesticides are
applied
.2.2 Permanent crops, irrigated Perennial crops with artificial input o f  water
2.2.1 Permanent crops, irrigated, extensive + Use o f chemical-synthetic and organic fertilizer as well as pesticides
is reduced
2.2.2 Permanent crops, irrigated, intensive + Chemical-synthetic and organic fertilizer as well as pesticides are
applied
Agriculture, mosaic^ Heterogeneous, agricultural production intercropped with (native) trees.
Trees or shrubs are kept for shade or as wind shelter; or use o f  timber
or non-timber products (e.g., agroforestry)
Artificial areas'’ Artificial surfaces and associated area(s)
1 Urban Areas with infrastructure for living and businesses
1.1 Urban/industrial fallow Areas with remains o f industrial buildings; deposits o f  rubble, gravel.
sand and industrial waste. Can be vegetated
1.2 Urban, continuously built Buildings cover most o f  the land. Roads and artificially surfaced area
cover almost all the ground. Non-linear areas o f  vegetation and bare
soil are exceptional. At least 80% o f the total area is sealed
1.3 Urban, discontinuously built Most o f the land is covered by structures. Buildings, roads, and artificially
surfaced areas associated with areas with vegetation and bare soil, which
occupy discontinuous but significant surfaces. Less than 80% o f  the total
area is sealed
1.4 Urban, green areas Areas with vegetation within urban fabric. Includes parks with vegetation
2 Industrial area Artificially surfaced areas (with concrete, asphalt, or stabilized, e.g., beaten
earth) devoid o f  vegetation occupy most o f  the area in question, which also
contains buildings and/or areas with vegetation
3 Mineral extraction site Areas with open-pit extraction o f  industrial minerals (sandpits, quarries)
or other minerals (opencast mines). Includes flooded gravel pits, except
for riverbed extraction
1 Dump site Landfill or mine dump sites, industrial or public
) Constmction site Areas under construction development, soil or bedrock excavations.
earthworks
) Traffic area Areas used for traffic infrastructure
).l Traffic area, road network Motorways, including associated installations (gas stations)
5.2 Traffic area, rail network Railways, including associated installations (stations, platforms)
5.3 Traffic area, rail/road embankment Vegetated area along motorways and railways
Bare area' (*) Areas permanently without vegetation (e.g., deserts, high alpine areas)
Snow and led (*) Areas permanently covered with snow or ice considered undisturbed
Water bodies'* Areas covered permanently with water
.1 Rivers Areas covered with watercourses
.1.1. Rivers, natural (*) Rivers nearly undisturbed by human use
.1.2 Rivers, artificial Artificial watercourses serving as water drainage channels. Includes canals
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able 1 (continued)
D u se Land use/cover class Description mainly taken from Alkemade et al. 2009; Koellner and Scholz 
2008a, and ecoinvent 3.0
0.1.3 Rivers, used Riverbed heavily influenced by human use, e.g. due to straightening or 
infrastructure.
0.2 Lakes Body o f slow-moving or standing water that occupies an inland basin
0.2.1 Lakes, natural (*) Lakebed, nearly undisturbed by human use
0.2.2 Lakes, artificial Reservoir in a valley because o f damming up a river
0.2.3 Lakes, used Lakebed disturbed by human use, e.g., by infiustructure
0.3 Seabed Areas covered permanently with salt water
0.3.1 Seabed, natural (*) Natural seabed, nearly undisturbed by human use
0.3.2 Seabed, used Seabed influenced by human use
0.3.2.1 Seabed, fisheries for dredging Seabed disturbed by dredging due to fisheries
0.3.2.2 Seabed, sediment dumping Seabed disturbed due to dumping o f sediments
0.3.2.3 Seabed, marine infrastructure Seabed disturbed due to infrastructure like harbors or platforms
0.3.2.4 Seabed, oil drilling Sea bed disturbed due to oil drilling
0.3.2.5 Seabed, mining Sea bed disturbed due to mining
.evel 1 is based on GLC 2000 and the other levels mainly on ecoinvent v2.0 and G L0BI03. The (*) marks land cover types, which serve as a 
atural reference
Classification according to GLC 2000 (Bartholomé and Belward 2005)
I. Tree cover, broad-leaved evergreen, closed to open (>15%) and 2. Tree Cover, broad-leaved deciduous, closed (>40%) and 3. Tree cover, broad- 
;aved deciduous, open (15^0% ) and 4. Tree cover, needle-leaved evergreen, closed to open (>15%) and 5. Tree cover, needle-leaved deciduous, 
losed to open (>15%) and 6. Tree cover, mixed leaf type, closed to open (>15%) and 9. Mosaic o f tree cover and other natural vegetation and 10. 
Tee cover, burnt (mainly boreal forests)
7. Tree cover, closed to open (>15%), regularly flooded, saline water: mangrove forests
8. Tree cover, closed to open (>15%), regularly flooded, fresh or brackish water: swamp forests and 15. Regularly flooded (>2 months) shrub and/ 
•r herbaceous cover
II. Shrub cover closed to open (>15%), evergreen (broad-leaved or needle-leaved) and 12. Shrub cover closed to open (>15%), deciduous (broad- 
eaved) and 14. Sparse herbaceous or sparse shrub cover
13. Herbaceous cover, closed to open (>15%)
16. Cropland (upland crops or inundated/ flooded crops as, e.g., rice)
17. Mosaic o f cropland/tree cover/other natural vegetation and 18. Mosaic o f  cropland/shrub or herbaceous cover 
22. Artificial surfaces and associated area(s)
19. Bare areas 
21. Snow and ice
20. Water bodies
Perennial crops production based on natural precipitation (rainfed agriculture) with use o f chemical-synthetic and organic fertilizer as well as 
lesticides is reduced
Indo-Malayan, Nearctic, Neotropic, Oceania, and 
Palearctic
Level 4: Olson terrestrial and freshwater ecoregions {n= 
867 and «=238 priority regions) and Spalding coastal 
and shelf ecoregions («=232) as shown in Fig. 1; no 
differentiation for deep sea
Level 5: exact geo-referenced information of land use in 
grid cells o f 1.23 km  ^ or less defined by degrees longi­
tude and latitude with two decimals, which allows to 
derive elevation o f land use (above and below sea level)
It is important to note that higher-level geographical 
nformation can unambiguously be transformed into lower- 
evel information (e.g., the ecoregions can be consistently
transformed into biomes in the system developed by Olson). 
This might be necessary in order to perform an impact 
assessment, which does not require detailed spatial informa­
tion (for example, for CFs for the carbon sequestration 
potential, Müller-Wenk and Brandao 2010).
3.3 Generic characterization factors to assess the impact 
of land use elementary flows
For each impact pathway, CFs can be displayed at the 
required or available level o f detail both for the geographic 
location and the land use type. In Table 3, which is a 
combination of Table 1 and Table 2, this combination is 
illustrated for land occupation impacts. The vertical axis
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Table 2 Terrestrial, freshwater, 
md costal water and marine 
domes for regionalization o f 
and use inventories (or surface 
ise for freshwater and marine 
domes)
assification according to Ma- 
le realms as shown in Fig. 2 
»m Spalding et al. (2007)
astern Indo-Pacific, tropical 
item Pacific, tropical Atlantic, 
îstern Indo-Pacific, central 
lo-Pacific
emperate Northern Pacific, 
aperate Northern Atlantic, tem- 
•ate Northern Pacific, temperate 
Lith America, temperate South- 
Afiica, temperate Australasia 
rctic, southem ocean
ID_region Name o f biomes ID biomes
1. Terrestrial biomes
1.1 Tropical and subtropical terrestrial biomes
1.1.1 Tropical and subtropical moist broadleaf forests BOl
1.1.2 Tropical and subtropical dry broadleaf forests B02
1.1.3 Tropical and subtropical coniferous forests B03
1.1.4 Tropical and subtropical grasslands, savannas and shrublands B07
1.1.5 Flooded grasslands and savaimas B09
1.1.6 Mangroves B14
1.1.7 Deserts and xeric shrublands B13
1.2 Temperate terrestrial biomes
1.2.1 Temperate broadleaf and mixed forests B04
1.2.2 Temperate coniferous forests B05
1.2.3 Temperate grasslands, savannas, and shrublands B08
1.2.4 Mediterranean forests, woodlands, and scrub B12
1.2.5 Deserts and xeric shrublands B13
1.3 Boreal terrestrial biomes
1.3.1 Boreal forests/taiga B06
1.3.2 Tundra B l l
1.3.3 Montane grasslands and shrublands BIO
1.3.4 Deserts and xeric shrublands B13
1.4 Polar terrestrial biomes
1.4.1 Rock and ice
1.4.2 Deserts and xeric shrublands
2. Freshwater biomes
2.1 Tropical and subtropical freshwater biomes
2.2 Temperate freshwater biomes
2.3 Boreal freshwater biomes
2.4 Polar freshwater biomes
3. Coastal water and shelf biomes (shallower than 200 m)
3.1 Tropical coastal and shelf biomes**
3.2 Temperate coastal and shelf biomes'*
3.3 Polar coastal and shelf biomes®
4. Deep sea biomes (deeper than 200 m)
titains the land use types, and the horizontal axis contains 
: geographical location where the land use takes place, 
e cells o f Table 3 contain the CFs for a given type o f land 
Dupation inside a given geographical perimeter. If impacts 
assessed on M  different impact pathways originating 
m land use, there will be M  different versions o f Table 3, 
:h o f them containing the CFs for one impact pathway, 
wever, most o f the cells o f a Table 3 will be empty 
:ause the corresponding pair o f land use/location does 
exist or is irrelevant for usual LCA practice.
For land transformation, in every geographic location, 
h o f the land use types in the vertical axis can theoreti- 
y be transformed into all other land use types. In prac- 
:, only a small selection o f these combinations is relevant 
hin a specific geographic location (e.g., the land use
elementary flow “transformation from primary forest” 
makes little sense in the geographic location “deserts & 
xeric shrublands”).
Those who compile LCIs have the choice to indicate the 
type o f land use, as well as its geographical location, at any 
o f the differentiation levels proposed in the preceding sec­
tions, depending on the information available to them. On 
the other hand, developers of CFs must have the choice to 
calculate the CFs at the differentiation level which is ade­
quate with respect to the available knowledge on impact 
mechanisms and on empirical data. This means that an LCA 
software has to solve the problem o f retrieving the suitable 
CFs, starting from a given land use entry in the LCI. This 
matching problem is particularly complicated in the case o f  
land use because each land use entry in LCI needs to be
^  Springer
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NT 0 1 6 7 ^
Biomes
H i  Tropical and Subtropical Moist Broadleaf Forests 
Tropical and Subtrcpicai Dry Broadleaf Forests 
Tropical and Subtropical Coniferous Forests 
0 #  Temperate Broadleaf and Mixed Forests 
■ ■  Temperate Coniferous Forests 
■ i  Boreal Forests/Taiga
Tropical and subtropical grasslands, savannas, and shrublands 
Temperate Grasslands, Savannas, and Shrublands
Flooded Grasslands and Savannas 
Montane Grasslands and Shrublands 
Tundra
Mediterranean Forests, Woodlands, and Scrub
Deserts and Xeric Shrublands
Mangroves
Lakes
Rock and Ice
g. 1 Terrestrial and freshwater biomes and ecoregions according to Olson et a! (2001). The arrow  shows the location o f the Ecoregion NT0167 
alamancan montane forests in Costa Rica)
)nnected with CFs of several impact pathways, which 
ovide CFs for a set o f land classification and rcgionaliza- 
)n on different levels o f details.
For each of the impact pathways, the respective Table 3 
intains CFs in cells defined by the selected level of geo- 
aphical differentiation and the selected level of land use 
pes. For example, if the supplier of CFs for carbon se- 
lestration potential (CSP) decides to work out CFs for the 
^graphical perimeter of eight biomes (i.e., deserts, tundra, 
•real forests, temperate grasslands, temperate forests, trop- 
il grasslands, tropical dry forests, tropical wet forests), and 
side each biome for a few important level 1 types of land 
xupation and types o f  land transformation, the 
rresponding Table 3 will contain less than 100 CF entries. 
If a given LCI entry (e.g., occupation of 300,000 m  ^ of 
ible land during 1 year inside biome boreal forests) calls 
: the suitable CF with respect to pathway CSP, the retriev- 
I algorithm tries to find the appropriate CF stored in 
ble 3 cell determined by row “5.1 arable” and column 
.3.1 boreal forests.” The following cases are possible:
The search finds the CF at the same levels of geograph­
ical differentiation and of type differentiation (in our 
example a CF for “occupation, arable” in the field de­
fined by row “5.1 arable” and column “1.3.1 boreal 
forests.” Then the 300,000 m“xyrs can simply be mul­
tiplied with the retrieved CF, to obtain the amount of the 
impact.
The search finds a CF only at a less differentiated level « -  
1 for type and/or geographical differentiation (in our ex­
ample, a CF for “occupation, arable” in the field defined 
by row “5.1 arable” and column “1.3 boreal terrestrial 
biomes”). Then the 300,000 rrf can again simply be 
multiplied with the retrieved unique CF. However, the 
assessment will be coarser than in the preceding case.
The search finds CFs only at a more differentiated level n+ 
1 for type and/or geographical differentiation (in our exam­
ple, the search is directed to the fields defined by column 
“1.3.1 boreal forests” and rows “5.1.2 arable/nonirrigated,” 
“5.1.3 arable/irrigated,” “5.1.4 arable/flooded,” “5.1.5 ara­
ble/greenhouse” because these rows are all linked to “5.1 
arable.” In this case, there is no unique relationship from the 
LCI entry to one field, and the CFs of the fields at level /?+1 
for the land use type are equally eligible. It is proposed here 
that in this situation, the “worst case principle” is applied, 
i.e., the program selects the CF for “occupation, arable” 
with the highest (damaging) impact magnitude and multi­
plies the 300,000 nrxyrs with this worst CF.
In certain cases, the search may find a CF, which shows 
a value of zero. This means that the impact of the given 
LCI entry with respect to the CSP pathway is considered 
to be negligible. The multiplication of the 300,000 m“x 
yrs with this CF will then yield a zero impact.
The search finds no matching CF at any level o f differ­
entiation, be it equal or higher or lower than the level of 
differentiation of the LCI entry. In this case, the impact
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Table 3 Exemplary cross tabulation with land use types (Forest) and biomes (Terrestrial) for organizing generic characterization factors CFs for 
and occupation
.and use types Regions 1. Terrestrial biomes 1.1 Tropical and subtropical 
terrestrial biomes
1.1.1 Tropical and subtropical 
moist broad-leaf forests
1.1.1.1 Talamancan montane 
forests (NT0167)
L Unspecified 
. Forest
.1 Forest, natural 
.1.1 Forest, primary 
.1.2 Forest, secondaiy 
.2 Forest used 
.2.1 Forest, extensive 
.2.2 Forest, intensive
or the full classification o f  land use types please refer to Table 1 and for the full regionalization to Table 2. The horizontal lines (-) indicate where 
IFs are not applicable. The complete table as an Excel file can be found at the homepage o f the LULCIA project at http://www.pes.uni-bayreuth.de/ 
n/research/projects/LULCIA. In general, each cell holds a CF for a specific land use in a specific region, it is CF^^%g, e.g., (a) holds the CF^ÔTor 
nspecified land occupation in an unknown location on land, (b) holds the CF^}'  ^ for land occupation with unspecified forests in tropical and 
ubtropical biomes, (c) holds the  ^j for land occupation with intensively used forests in the biome o f  tropical and subtropical moist broadleaf 
jrests (see Fig. 1 for the geographical extent o f  this biome), (d) holds the CF for the same land use in the ecoregion NT0167
Talamancan montane forests). Based on this system, CF for land transformation can be build accordingly, e.g., (e) CFl} 2 2 gives the CF for 
ind transformation fi-om primary forest to intensively used forests in the biome o f tropical and subtropical moist broadleaf forests by splitting the 
;F into transformation fi-om ( e ^ )  and transformation to (—>e)
assessment is not feasible, and the inventory entry needs 
to be flagged to express this faet.
This matching algorithm gives the necessary freedom of 
hoice to the producers o f LCIs, as well as to the developers 
f  CF sets for particular impact pathways, so that they have 
better chance of obtaining results that are applicable in 
,CA practice.
Discussion
he environmental relevance o f land use impacts o f processes 
ach as mining or agricultural production is reflected in the 
icreasing availability o f LCIA methods o f different impact 
athways, such as, biodiversity, carbon sequestration, or ero- 
ion regulation. These methods rely on inventories providing 
devant information on quantity, quality, and location o f land 
se elementary flows. Both the inventories and the impact 
ssessment methods have requirements and constraints in the 
:vels of detail they can provide, which calls for a standardized 
pproach for land use classification and regionalization that 
elps to overcome such barriers. In the approach presented 
bove, the provider o f inventory data has the possibility to 
idicate the level o f detail available—from very coarse dis- 
nction between land, freshwater or marine surface use, to the 
(act geographic location—and the developer of an impact 
ssessment method can choose the appropriate and feasible 
;vel o f detail to calculate CFs o f a specific impact pathway, 
•n both sides, missing availability o f data or information 
light reduce accuracy. To allow an assessment o f land use.
we propose an algorithm to be included in LCA software to 
match land use elementary flows with the available CFs o f  
different impact pathways. The hierarchical approach allows 
also testing the suitability o f the proposed classification sys­
tem for different impact pathways.
For some impact pathways, such as, erosion potential, the 
presented regionalization approach might not be ideal. The 
biome and ecoregion concept delineate biologically similar 
areas, but for erosion the indication o f the catchment and 
slope o f a land use type might be more relevant. Here, the 
regionalization o f freshwater ecoregions, as proposed by 
Abell et al. (2008) might be a useful alternative because it 
considers water catchments to delineate regions. Thus, these 
freshwater ecoregions classify the entire continental surface 
according to hydrological drainage basins and according to 
characteristics o f freshwater ecosystems, such as, distribu­
tions and compositions o f freshwater fish species and major 
ecological and evolutionary patterns while the freshwater 
ecoregions defined by Olson et al. (2001) only classify the 
water bodies. However, there is no direct connection be­
tween Abell’s freshwater ecoregions and Olson’s terrestrial, 
and the two concepts cannot be linked in an unambiguous 
way (e.g., the terrestrial ecoregion Talamancan montane 
forests (NT0167) forms a water barrier and includes several 
freshwater eeoregions). Therefore, the use o f two different 
concepts for regionalization for different impaet pathways 
would be needed.
The proposed land use classifieation shows different 
levels o f detail for different sectors. Agricultural land is 
specified up to level 4 (e.g., “5.1.3.2 Arable, irrigated, 
intensive”), whereas for other sector land use, the
^  Springer
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iifferentiated stops at level 2 (e.g. “7.3 Mineral extraction 
lite”). For specific assessments o f land use impaets, further 
efinement might be necessary in future. With the hierarchi­
cal structure of the land use classification, this can be done 
nore easily.
The aim of this paper was to propose how to standardize 
he land use classification and how to regionalize land use 
elementary flows. For some applications, for example, the 
omparison of different locations for agricultural purposes, 
tiore precise, site-specific considerations might be o f inter- 
st. As site-specific conditions of, e.g., soil parameters, do 
ary considerably within one land use class even regarding 
mall plots, the approach o f using site-dependent CFs is not 
pplicable in such cases. In these cases, an alternative ap­
proach might be favorable. The Land Use Indicator Calcu- 
ation Tool LANG A (Beck et al. 2010) calculates site- 
pecific indicator values and determines the CFs based on 
ite-specific input data that has to be entered into the tool, 
'hese indicator values, already including inventory and 
npact assessment information, can then be included into 
urrent LCA tools as “indicator value flows”. So, whereas 
le use o f site-dependent CFs leaves some degrees o f ffee- 
om to the user inside the LCA tool (provision o f area, time 
nd type o f land use), a LANCA user has the freedom to 
efine all parameters influencing the indicator value calcu- 
itions according to his requirements, but onee the results 
re included into the LCA software, there is no more scope 
f  influenee for the user.
Conclusions and recommendations
0 date, no standardized classification and regionalization 
f land use inventories and impact assessment methods 
(ist. This hinders a holistic assessment o f land use-related 
npacts on biodiversity and ecosystem services, such as, 
iotic production, carbon sequestration, fresh water regula- 
3n, erosion regulation, and water purification. The hierar- 
lical approach presented in this paper provides the 
Dssibility to test hypothesis about optimal land classifica- 
)ns and regionalization. It has also the necessary flexibility 
providers o f inventories and developers o f impact assess- 
ent methods and overcomes the problems o f mismatching 
îfinitions between both. However, the presented approach 
eates immense work and data requirements to provide CFs 
r all practically relevant combinations o f land use types 
id regions. Comparing the median and percentiles o f the 
stributions of characterization factors across land cover 
pes and regions would allow to test whether CFs are 
gnificantly different. The developers of CFs should aim 
finding archetypical situations for their specific impact 
ithways, which would allow aggregating CFs o f land use 
pes or locations and reduce the amount o f CFs to be
provided. Such analysis could also reveal if  the environmen­
tal variability within ecoregions is rather high and that a 
finer regionalization would improve the reliability o f the 
CFs. Unfortunately, a meaningful simplification can only 
be aehieved, when the detailed information o f land use 
impacts across land use types, regions, and impact pathways 
will be available.
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Abstract (max. 400 Words fo r  fu ll paper)
Background, aim, and scope As a consequence o f the multi-functionality o f land, the impact assessment o f land use in Life 
Cycle Impaet Assessment requires the modelling o f several impact pathways covering biodiversity and ecosystem services. 
To provide consistency amongst these separate impact pathways, general principles for their modelling are provided in this 
paper. These are refinements to the principles that have already been proposed in publications by the UNEP-SETAC Life 
Cycle Initiative. In particular, this paper addresses the calculation o f land use interventions and land use impacts, the issue 
of impact reversibility, the spatial and temporal distribution o f such impacts and the assessment o f absolute or relative 
ecosystem quality changes. Based on this we propose a guideline to build methods for land use impact assessment in LCA.
Results Recommendations are given for the development o f new characterization models and for which a series o f key- 
elements should explicitly be stated such as, the modelled land use impaet pathways, the land use/cover typology covered, 
the level o f bio-geographical differentiation used for the characterization factors, the reference land use situation used and 
if  relative or absolute quality changes are used to calculate land use impacts. Moreover, for an application o f the CFs in an 
LCA study, data collection should be transparent with respect to the data input required from the land use inventory and the 
regeneration times. Indications on how generic CFs can be used for the background system as well as how spatial-based 
CFs can be calculated for the foreground system in a specific LCA study and how land use change is to be allocated should 
be detailed.. Finally, it becomes necessary to justify the modelling period for which land use impacts o f land transformation 
and occupation are calculated and how uncertainty is accounted for.
Discussion The presented guideline is based on a number o f assumptions: Diserete land use types are suffieient for an 
assessment o f land use impacts; ecosystem quality remains constant over time o f occupation; time and area o f occupation 
are substitutable; transformation time is negligible; regeneration is linear and independent from land use history and 
landscape configuration; biodiversity and multiple ecosystem services are independent; and the ecological impact is 
linearly increasing with the intervention; and there is no interaction between land use and other drivers such as climate 
change. These assumptions might influence the results o f land use LCIA and need to be critically reflected.
Conclusions and recommendations In this and the other papers of the special issue we presented the principles and 
recommendations for the calculation of land use impacts on biodiversity and ecosystem services on a global scale. In the 
framework of LCA they are mainly used for the assessment of land use impacts in the background system. The main areas 
for further development are the link to regional ecological models running in the foreground system, relative weighting of 
the ecosystem services midpoints and indirect land use.
Keywords Life Cycle Assessment • Land Use • Ecological Functions • Ecosystem Services • Biodiversity 
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1 Background, aim, and scope
Life Cycle Assessment (LCA) is a tool to support decision-making widely used to assess the potential environmental 
impacts of a given product/service at each step o f its life cycle. Impacts at the global and regional scales are accounted for, 
such as climate change, eutrophication, acidification, toxicological effects, and abiotic resource use. Early attempts to 
integrate direct and indirect land use in LCA (Lindeijer et al. 2002, Mila i Canals et al. 2007a, Reinhard and Zah 2009) and 
its impact on biodiversity (e.g., Koellner and Scholz 2007, Koellner and Scholz 2008, Michelsen 2008, Schmidt 2008, 
Geyer et al. 2010a) and on ecological functions (e.g., Lindeijer et al. 2002, Milà i Canals 2003, Milà i Canals et al. 2007a, 
Beck et al. 2010, Saad et al. 2011) have been made, but these are still not fully operational or widely applied. Although 
functional species diversity is an important factor in the cause effect chain from land use to ecosystem functioning and 
services (Balvanera et al. 2006, Flynn et al. 2009), functional aspects o f biodiversity are not yet considered (see the review 
from Curran et al. 2011). Moreover, only preliminary studies explicitly discuss ecosystem services in LCA (Maes et al. 
2009, Zhang et al. 2010a, Zhang et al. 2010b, Bare 2011) and this concept generally refers to life support functions (de 
Groot 1992, de Groot et al. 2002) introduced early into LCA (e.g. Udo de Haes et al. 2002, p. 13, Anton et al. 2007, Milà i 
Canals et al. 2007b).
The problem with all those attempts to integrate land use impacts on biodiversity, ecological functions and ecosystem 
services into LCA is their limited focus on one geographical scope such as case study regions of some square kilometres or 
larger specific biogeographical regions like Canada or Central Europe. However, the strength o f LCA is to provide a life 
cycle perspective (Milà i Canals 2007) and thus requires methods that are able to account for an assessment o f land use 
impacts related to a variety o f land use types and locations. Even simple products like milk imply globally distributed land 
Lise through, e.g. the supply chain of the concentrate feed (Cederberg and Mattsson 2000). Also the increasing demand for 
studies on biofuels and their environmental footprint shows that a globally applicable Life Cycle Impact Assessment 
XCIA) method is needed to assess land use impacts on biodiversity and ecosystem services.
In summary, land use impact assessment in LCA has moved significantly since the early works o f SET AC (Lindeijer et 
il. 2002) and the first phase of the UNEP-SETAC Life Cycle Initiative (Milà i Canals et al. 2007a), with increasing 
ittempts to integrate land use impacts in LCA. Now, more consistency is needed in order to take stock o f what has been 
juggested to date and provide alignment in the future modelling o f different impact pathways.
This paper builds on the "Key Elements in a Framework for Land Use Impact Assessment Within LCA" that was 
ieveloped in the context o f the UNEP-SETAC Life Cycle Initiative (Milà i Canals et al. 2007a). The aim of the current 
laper is to move beyond the description of key elements by suggesting specific guidelines for a comprehensive and 
:onsistent impact assessment encompassing all pathways that originate from land use and damages on biodiversity and 
ecosystem services. Such guidelines are applied and exemplified throughout this special issue, first by developing a 
globally consistent Life Cycle Inventory (LCI) classification system (Koellner et al. minor revisions) then, by proposing 
lew methods for the different impact pathways affecting biodiversity and ecosystem services (Müller-Wenk and Brandào 
!010, de Baan et al. minor revisions. Bos et al. submitted, Brandào and Milà I Canals submitted, Saad et al. submitted) and 
inally, by illustrating the previous new methods and recommendations in a case study on margarine production (Milà i 
Zanals et al. accepted).
2 Principles of a globally applicable land use impact assessment method
2.1 Land use interventions and their impacts on ecosystem quality
Two types of land use interventions are usually considered in life cycle inventories and impact assessments; land 
transformation and land occupation (Lindeijer et al. 2002, Milà i Canals et al. 2007b). During land transformation (also 
called land use change, LUC), the properties o f a piece of land are modified to make it suitable for an intended use such as 
deforesting or draining land to establish arable fields. The phase o f transformation is relatively short and the temporal 
dimension is neglected. During land occupation, land is used in the intended productive way (e.g. arable field) and the 
properties of a piece of land are maintained (e.g. the regrowth o f forest is avoided on an arable field).
These land use interventions have an impact on ecosystem quality Q over a certain period of time, where Q can be 
defined as the capability o f an ecosystem (or a mix of ecosystems at the landscape scale) to sustain biodiversity and to 
deliver services to the human society. This refers to the area o f protection natural environment, which provides the 
“intrinsic value o f nature (ecosystems, species) and the economic value of life support functions” to the human society 
(Udo de Haes et al. 1999a, Udo de Haes et al. 1999b). Land use impacts and damages to ecosystem quality may be 
measured with different indicators expressing the intrinsic value of biodiversity and natural landscapes or the functional 
value o f ecosystems in terms of their goods (i.e., natural resources like timber or food) and services (i.e., life support 
functions like climate regulation or erosion regulation) (sensu Milà i Canals et al. 2007a). These impacts result from both 
land occupation (because ecosystem quality is kept at a different level than would naturally/otherwise be present and land 
transformation (because the characteristics o f ecosystems are changed on purpose).
If no occupation process would follow a land transformation, the forces o f nature would gradually change the 
ecosystem quality towards its initial quality (although the original ecosystem quality might not be reached, see section 2.2). 
The impact of land transformation (77) is calculated as the integral o f the difference in ecosystem quality between the land 
use situation and a suitable reference ( A 0  over time, multiplied by the transformed area (A). As the temporal dynamics of  
ecosystem quality are mostly unknown, a linear trajectory of ecosystem regeneration is assumed (see Fig. 1). 
Transformation impacts are then calculated using Equation (1), whereby t,.gg is the time required for full regeneration of 
ecosystem quality.
77= O.J * AQ * tye^  *A  Equation (1)
The inventory flow records the area A transformed and the characterization factor of transformation CFtrans is given in 
Equation (2):
CFtrans = 0.5 * AQ * treg Equution (2)
Accordingly, the impact of land occupation (01) is calculated as the integral o f AQ over time multiplied by the occupied 
irea A (Equation 3). By assuming that AQ  is constant during the occupation phase, occupation impacts are calculated 
bllowing Equation (3) (with T being the time that a piece of land is occupied).
01 = AQ * T * A  Equation (3)
Tere, the inventory flow is given as A^ cc x Tocc and the characterization factor o f occupation CFocc is given in Equation (4):
CFacc = A g Equation (4)
ug 1 illustrates three examples of typical land use interventions and their associated impacts on ecosystem quality. For 
implicity, the area A o f occupation or transformation, which would embrace the third dimension, is not shown and the 
ueasured impact indicator discussed refers to impacts on biodiversity. However, the same reasoning applies for other land 
ise impact pathways. First, at time the land is transformed from a reference (e.g. broadleaf lowland forest) to land use 
ype L U l (e.g., species rich dry meadow), indicating a higher ecosystem quality (if measured as biodiversity) than the 
eference. The transformation impact is given as the difference in ecosystem quality (Qr f^ -  Q wi) multiplied by the time it 
/ould take after abandoning LU l to restore the reference (e.g. the time required for a lowland broadleaf forest to naturally 
stablish on a dry meadow). Both the transformation (area I in Fig 1) and occupation impact (II) result in negative values, 
/hich denotes a benefit for ecosystem quality. In the second situation, at time tg, land is transformed from a reference (e.g. 
roadleaf lowland forest) to land use type LU2 (e.g., intensive pasture). Here, the land transformation (III) and occupation 
iV) show damaging impacts on ecosystem quality (i.e. positive values for 77 and 01). In the third situation (time L), land is 
ansformed from LU2 (e.g. intensive pasture) to LU3 (e.g. intensive arable crops). The occupation impact (VI) is 
alculated as in the two previous examples. The transformation impact (area V) can be calculated by subtracting the impact 
f transforming a land from the reference to LU2 (Tlref->LU2) from the impacts of transforming land from the reference to 
U3 (Tlref->wh see equation V in Fig 1). Also, it is important to note that the regeneration times o f ecosystems are 
ependent on the land use type (twi.reg + + kui.reg)-
Ecosystem quality Q
Qtui
Qre/
ill /  i IV
Lui. h u 2. g* LU3, rca
Calculation of Impacts:
I) Thei-.iui= 0.5 * ih-h) * A
II) 01 tut = (Qref-QLyJ*(tytJ*A 
I") TQf^ iy2= 0.5 vcLr QV ' fts-U
IV) 01 tu,= (Qref-QLuJ*(t,-ts)*A 
W Tltu2^ tUB= (0.5 * (Q,,f -  Qtud * (h - tj  -  Tl r.f^,uJ * A 
Vl)0ltu3= (Qrer^ ius)*(te-tj *A
L, f j  t '  t ,
Figure 1: Simplified illustration of transformation impact (77) and occupation impact (01) for three land use types with different regeneration 
rates ( t iu i. reg, t w 2, rem and Ilus. reg). For simplicity the area A  of occupation or transformation, which would embrace the third dimension, is not 
shown in the graph, but in the equations.
2.2 Reversibility o f impacts from land use and permanent impacts
In the above reasoning, it is assumed that after a certain regeneration time, the ecosystem quality o f the reference situation 
could be re-established. Of course, an ecosystem that has been changed by human activities or by natural forces will never 
be exactly the same. Ecosystem quality is a result o f the interaction between life (ecosystems) with the abiotic environment, 
and life is, in the strict sense of the word, not reversible. However, the forces o f nature are able to veil the traces o f most 
buman activities if  these forces are free to act during decades, centuries or millennia: abandoned human settlements or 
structures are sooner or later wiped out and reconverted to a quasi-natural land cover which depends on the bio- 
geographical conditions o f the location.
In the context of land use, it is proposed to consider impacts generally as reversible in the broad sense o f reversibility, 
fhis means that abandoned land spontaneously develops towards a site-dependent potential natural vegetation (PNV), if  the 
ibsence of human action continues during a sufficient length o f time (regeneration time, also called relaxation time). At the 
;nd, an abandoned area can be considered as roughly equivalent, although not identical, to its pre-impact state. However, 
here are situations where the regeneration time, according to current knowledge, will exceed the modelling horizons of  
isual LCA studies, or even will exceed any finite number of years: a high salinity area in very dry climate could be barren 
or an indefinite time period. Such impacts are called permanent impacts. Permanent impacts can be expressed by 
nultiplying the difference AQ between the initial reference (Qref) and a new established steady state (Qrefi) by the area of 
ransformation and, alternatively, a certain modeling time (see equations in Fig 2). Permanent impacts could also be 
quantified without choosing an (arbitrary) time horizon. However it is recommended to multiply with a certain modeling 
ime to get a standard unit o f AQ x time x area for all land use impacts, which allows to easily aggregate permanent, 
ransformation and occupation impacts in the same units.
Nevertheless, such a pragmatic aggregation may have several issues regarding interpretation and effect on results. On 
le one hand, permanent impacts represent diminishing options for future development of a piece o f land. On the other 
and, occupation and transformation impacts rather describe actual, temporary impacts occurring during occupation / 
^generation phase. For this reason, it can be argued that aggregation of temporary and permanent impacts is equivalent to 
ggregation of different impact categories. This implies weighting them against each other, but the value judgment, 
xpressed by the time horizon over which permanent impacts are considered, should be made explicit as a value choice. As 
Q overall consensus has not been reached among this workgroup, it is highly recommended to perform sensitivity analyses 
tid discuss the influence o f the modeling choices on the conclusion of the study, i.e. aggregating or not permanent impacts 
ito a single result and, in case of aggregation, the choice of timeframe.
Fig 2, illustrates how permanent, transformation and occupation impacts are calculated if  full recovery o f ecosystem 
uality is not possible within the modelling time. Initially (time t,=0), land is transformed from a reference (e.g. tropical 
lin forest) to land use type LUl (e.g., pasture), having a pennanent (damaging) effect on ecosystem quality. After a 
^generation period of /j-/? years a new steady state Qref2 (e.g. old growth secondary forest) is reached. Transformation and 
:cupation impacts o f LUl as well as the subsequent LU2 (e.g. arable land) are then calculated based on AQ = Qrefi - 
LU1/LU2  (see equations I-IV in Fig 2). The permanent impact can either be expressed by the A between Q r e f  and Qref 2 ,
Time
represented by the curled bracket, or by the area Ib (see Figure 2), representing the maintenance of an ecosystem quality 
below the initial reference {Qjef) for the modelling period defined (e.g. = 500 years). Pennanent (and transformation)
impacts would then be allocated to the products obtained from land during the first 20 years (see section 3.2.d).
Ecosystem qua lity  Q
M odeling tim e is 500  years
is 2 0  years
78/
Aw. fgQ
C alculation o f  im pacts:
Permanent impact:
Plr,t-^Lui=(Gref-Qr,t2> * ^  (equals area Ib) or
PI rrf-Lui = /Qref -  Qrrfil * A (delta between quality states)
Occupation and transformation impact:
I) TCi^ iui = [0-5 *(Qr,f2- Q.ot) * ftrU
+ A (equals areas la plus lb)
II)01 tut = (Qref2-Oiy:r(trO*^
III) r/„
-T l„
IV) 01 tut = (Qr.f2-QiJ*M *A
A  Tim e 
85 500
Figure 2: Calculation o f permanent impacts caused by land use change. For simplicity again the area A o f occupation or transformation, which 
would embrace the third dimension, is not shown in the graph, but in the equations.
Based on this approach, impacts occurring after the modelling period (i.e., Q,.gf- Q,-ef2 after year 500 in Figure 2) are not 
accounted for. However, it is important to note that such a modelling decision is similar to the modelling choices adopted 
by the modelling period of Global Warming Potential (see section 3.3.a)
2.3 Impact proportional to relative or absolute quality change?
As mentioned before, the magnitude of permanent, transformation and occupation impacts is dependent on the difference in 
ecosystem quality (AQ) between a reference and a land use situation. AQ can be calculated based on absolute or relative 
differences, and which o f both is preferable is subject of an ongoing debate.
For the land use impact on carbon storage, the absolute AQ is clearly preferable as the goal is to identify the amount (in 
tonnes) of sequestered C released into the air in form of CO 2 due to the land transformation. This contributes to impact on 
Climate Change (and consequently on human health and non-human life), which is controlled by absolute flows in C or 
CO2 tonnes. Measuring AQ in relative terms would not make sense, as releasing 50 % of the carbon stored in a carbon-rich 
vegetation has clearly not the same impact as releasing 50% of the carbon stored in a carbon-poor vegetation. The same 
holds true for other ecosystem services, as mostly the absolute amount of service provided is o f importance
Less clear is the case of the biodiversity impact. If a factory building is erected on species-poor land (e.g. with 10 
species), or alternatively on a species-rich land (e.g. with 100 species), the relative biodiversity AQ would be 100 % for 
both alternatives, whilst in absolute terms the impact on species-rich land is lOx higher than on the species-poor land. 
Selecting relative or absolute impacts is finally based on a value choice: choosing relative impacts gives equal weight to 
ecosystems, whereas choosing absolute impacts gives equal weight to species.
In conclusion, it is recommended to calculate absolute impacts for ecological functions and ecosystem services on a 
global scale. When compared to relative impacts, such results are easier to inteipret and allow coordination between 
different impact pathways. However, for biodiversity both absolute and relative impacts are deemed appropriate and are a 
matter o f value choices. To allow better comparison of results across impact pathways, assessing biodiversity in absolute 
terms would be strongly advised. However, the challenge remains as current heterogeneity o f available empirical data on a 
global level do not necessarily allow for an absolute impact assessment.
3 Results: Guideline of a global land use impact assessment method
Building on the recommendations by (Milà i Canals et al. 2007a), this paper provides guiding principles for the 
development o f impact assessment methods for biodiversity and ecosystem services. The guideline suggests options with 
respect to the creation o f a spatial model, the inventory data collection as well as the land use impact calculation (see Figure 
3). Based on the work of Saad et al. (2011), Figure 3 highlights a series o f key-elements to be accounted for when 
developing a land use impact assessment method and thus proposing new characterisation factors (CFs).
In an effort to provide a transparent and comprehensive approach for the creation of the model, it is suggested to 
explicitly state and define: which impact pathways with respect to biodiversity and ecosystem services are modelled (la), 
which land use/cover typology (lb) as well as the bio-geographical differentiation level (Ic) are used for the development 
of CFs and, in addition to the reference situation (Id), whether relative or absolute quality changes (le ) are used for the 
calculation of land use impacts. In practice, when applying CFs in an LCA study, the data collection should be transparent 
with respect to the data input required from the land use inventory (2a) and the regeneration time defined. It is also 
recommended to indicate how generic CFs can be used for the background system as well as how spatial-based CFs can be 
calculated for the foreground system if needed in a specific LCA study (2c) and how land use change is allocated to 
functional units (2d). With regards to the land use impact calculation, it becomes necessary to justify the modelling period 
for which the impacts of land transformation and occupation are calculated (3a) and finally how the uncertainty of the 
impact assessment is assessed (3b).
The following sections provide guidance on how to apply such principles and examples of their application are proposed in 
the methodological papers of this special issue.
1. Creation of 
spatial model
  a) Modeled impact
pathways
b) Land use and 
cover typology
  c) Bio-geographical
differentiation
d) Reference 
situation
2. Data collection
e) Relative vs. 
absolute impacts
3. Land use Impact 
i calculation
1
a) Land use 
inventory data
b) Regeneration 
time
  c) Generic v s .  case
dependent CFs
d) Allocation of land 
use change
—  a) Modelling period
b) Uncertainty
Figure 3: Elements o f  the UNEP-SETAC guideline to build a land use impact assessment for biodiversity and ecosystem services (adapted from 
Saad et al. 2011).
3.1 Creation of spatial model
3.1. a Modelled impact pathways
Land use intentionally and unintentionally influences the biodiversity as well as the structure and functions o f ecosystems, 
causing damages to the areas o f protection as defined in Jolliet et al. (2004). Figure 4 shows the cause-effect chain linking 
the land use with impacts on the four areas of protection. In order to enhance global relevancy o f LCIA research, it is 
essential to link LCA activities to other ongoing research on ecological impact assessment. For this reason, a structure of 
the LCIA, which is in accordance with the globally acknowledged typology o f ecosystem services o f the Millennium 
Ecosystem Assessment (MA 2005) is proposed. Therefore, two main impact pathways are distinguished: Biodiversity 
Damage Potential (BDP) and Ecosystem Services Damage Potential (ESDP) (see Table 1).
The Ecosystem Services Damage Potential is structured according to the classification suggested by the Millennium 
Ecosystem Assessment (MA) into services provided by ecosystems. An initial focus is intended on the development of 
generic characterization factors for the following impacts linked to land use: the impact on the potential o f the ecosystem to 
produce biomass (Biotic Production Potential); the impact on climate by influencing the carbon sequestration in the top soil 
and land cover (Climate Regulation Potential); the impacts on water quantity and quality (Freshwater Regulation Potential, 
and Water Purification Potential) and the impacts on soil quantity and quality (Erosion Regulation Potential). This is thus 
an initial list o f recommended impact categories linked to land use for which characterization models were available or 
under development. Nonetheless, the framework remains open to include additional midpoint oriented impact indicators if  
needed, such as the microbial activity indicating soil fertility. This would only be necessary if the new indicators show
different results than those already provided by the current suggested list. In a comprehensive approach, new 
characterization methods for land use LCIA should specify the impact pathways modelled within the framework. Future 
studies exploring the links between different ecosystem services, and between ecosystem services and biodiversity are 
strongly recommended.
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Figure 4: Cause-effect chain for land use impacts on biodiversity and ecosystem services (adapted from Lindeijer et al. 2002). For more 
explanation on the specific impact pathways see Table 1 and the papers in this special issue.
Table 1 Operationalization of characterization factors in Life Cycle Impaet Assessment for land use A) Biodiversity Damage Potential (BDP) 
and B) Ecosystem Services Damage Potential (ESDP). The latter classifieation is based on the Millennium Ecosystem Assessment (MA).
Life Cycle Impact Category Description Early methodologies Consolidated CFs 
on a global scale
Indicators
A) Biodiversity Damage Potential 
(BDP)
B) Ecosystem Services Damage 
Potential (ESDP)
B 1 ) Biotie Production Potential 
(BPP)
B2) Climate Regulation Potential 
(CRP)
B3) Freshwater Regulation 
Potential (FWRP)
B4) Erosion Regulation Potential 
(ERP)
Impacts on global species 
diversity and functional 
diversity
Impacts on global 
ecosystem services 
Capacity o f ecosystems 
to produce biomass
Capacity o f ecosystems 
to uptake carbon from air
a) Capacity of 
ecosystems to regulate 
peak flow and base flow 
o f surface water
b) Capacity of 
ecosystems to recharge 
ground water 
Capacity o f  ecosystems 
to stabilize soil and to 
prevent sediment 
accumulation 
downstream
(Goedkoop et al. 2009)
(Baitz et al. 2000 , Milà 
i Canals et al. 2007b)
a) -
b) (Baitz et al. 2000 , 
Milà i Canals et al. 
2009)
(Baitz et al. 2000)
(de Baan et al. minor 
revisions) this special 
issue
(de Souza et al. in 
prep.) this special 
issue
(Brandào and Milà 1 
Canals submitted) 
this special issue
(Müller-Wenk and 
Brandào 2010)
a) -
b) (Saad et al. 
submitted) this 
special issue
(Saad et al. 
submitted)this 
special issue
Species number lost 
per area for a specific 
land cover relative to 
reference land cover 
[%]
Deficit o f Soil 
Organic Matter 
(SOM) due to land 
use [Mg SOM year] 
Carbon flows [t C/m^ 
yr] change due to 
land use
a) Water regulation 
capacity 
[dimensionless]
b) Ground water 
recharge rate [mm/
yr]
Erosion resistance 
[ton/ha yr]
B5) Water Purification Potential Chemical, physical and (Baitz et al. 2000) (Saad et al. Cation exchange
(WPP) mechanical capacity o f  submitted)this capacity
ecosystems to clean a special issue [cmolcÂgsou]
polluted suspension o f
water
3. Lb Land use and cover typology
For a globally applicable land use LCIA, it is desirable that land cover classes and land use types related to them are 
determined in a consistent and generally accepted way for all continents, and that available land cover data are recorded 
according to such a classification. A hierarchical approach o f land use classes in LCA is given in this special issue 
(Koellner et al. minor revisions). It consists o f four levels o f detail, ranging from very general global land cover classes, to 
more refined categories and very specific categories indicating land use intensities.
New LCIA methods should be able to differentiate between all major land use types generally accounted for in LCA 
and specify the level o f differentiation achieved. Thus, the classification suggested by Koellner et al. (accepted with minor 
revisions) can be used as a starting point. It is foreseeable that the same level is not achieved for all major land use types 
(e.g. a method may differentiate agricultural land up to level 3, while other land uses such as forestry or artificial areas are 
only specified at level 1).
3.1.C  Bio-geographical differentiation in land use impact assessment
Bio-geographical differentiation in land use LCIA is a major aspect to be considered since the same type o f land use may 
trigger different impacts at different locations o f the globe (Jolliet et al. 2004). Koellner et al. (minor revisions) in this 
special issue suggest a hierarchical regionalization on a global scale based on the classification system o f biomes and 
ecoregions (Olson et al. 2001). Similarly to the case o f land use typology, new LCIA methods for land use impacts should 
specify the level o f bio-geographical differentiation achieved.
5. l.dReference situation
As explained in section 2.1 land use impacts as assessed in LCA are proportional to the difference in quality between the 
studied system and a reference situation. Three main options are proposed to describe the reference:
• Option 1 is the concept o f Potential Natural Vegetation (PNV), “which describes the expected state o f mature
vegetation in the absence o f human intervention.” (Chiarucci et al. 2010).
• Option 2 is to take as the reference states the (quasi-)natural land cover in each biome/ecoregion, i.e. the natural
mix o f forests, wetlands, shrubland, grassland, bare area, snow and ice, lakes and rivers.
• Option 3 is the current mix o f land uses as reference as proposed for Europe (Koellner and Scholz 2008).
Options 1 and 2 are probably close enough to each other for the purposes o f LCA. On the one hand, global data on the 
iroperties o f potential 'natural' land for many bio-geographical regions are available in more or less satisfactory quality, so 
hat it is globally practicable to assess anthropogenic land use impacts against the potential 'natural' land cover defined as a 
eference. On the other hand, the current mix o f land uses is a moving yardstick and would not be very practical in terms of 
lefinition.
In conclusion, and in accordance to Milà i Canals et al. (2007a), it is recommended to use the (quasi-)natural land cover 
iredominant in global biomes and ecoregions as a reference when assessing land use impact on a global scale. 
Nevertheless, defining a reference situation is an area for further exploration recognized as a value choice, as using options 
or 2 vs. option 3 supports different types o f decisions (see Milà i Canals et al. accepted, this issue).
.L e Absolute or relative land use impacts
or each land use LCIA, it should be made explicit i f  land use impacts are assessed as absolute or relative changes to a 
îference situation. However, based on the above reasoning (see section 2.3), it is generally recommended to calculate 
bsolute land use impacts..
3 . 2  D a ta  c o l le c t io n
3.2. a Land use inventory data
Land use inventory flow for land occupation and land transformation are measured in m^years and in m  ^ respectively. 
Although the level o f differentiation (land use typology and spatial) may vary between methods, see Table SI in the 
Supplementary Information., both the land use type and bio-geographical information should be registered based on the 
proposal on global land use inventories presented in this special issue (Koellner et al. minor revisions). The level o f  detail 
in the land use type classification and the ecosystem type refinement depends on the scope o f the LCA study and on 
whether it occurs in the foreground or the background system; see e.g. the discussions in the case study presented in this 
special issue (Milà i Canals et al. accepted). If land use types are completely unknown in the product system, assuming a 
mix o f intensive land use composed o f forest, pasture/meadow, (non-) irrigated arable, permanent crops and artificial areas 
based on the proportions in the Global Land Cover 2000 is recommended. To assume intensive land use should stimulate to 
search for specific information for unknown land use types.
3.2.b Regeneration time
Assuming that land use impacts are reversible (reversibility in the broad sense), the key question is, how many years after 
abandonment are needed until man-made traces in vegetation and soil have essentially disappeared? The length o f  this 
regeneration time, essential for the calculation o f transformation impacts (see section 2.1), depends mainly on the following 
factors:
• The impact pathway: on a given plot, it may take more time to regenerate biodiversity than to regenerate the biotic 
production capacity
• The type o f land transformation: it takes more time to regenerate a forest, if  the transformation resulted in sealed 
urban land, in comparison to a transformation resulting in cropland
• The bio-geographical conditions o f the location: regeneration is generally faster in warm and humid climate than 
in cold or dry climate.
As a consequence, each o f the impact pathways requires a set o f regeneration times per type o f transformation and per 
climatic region. However, as current land use intensity in many parts o f the world is a historically new phenomenon, 
knowledge on regeneration times o f ecosystems within intensely used landscapes is limited or hardly available.
For impact pathways that are mostly dominated by soil carbon, it is recommended to use the regeneration time values 
for carbon storage in vegetation and soil provided by Müller-Wenk and Brandào (2010) for the impact pathway Carbon 
Sequestration Potential (CSP). However, one should acknowledge that regeneration times for other impact categories 
lerived from CSP data in this way are highly uncertain and strongly influence the transformation results.
With respect to the Biodiversity Damage Potential, Koellner and Scholz (2007) give rough estimates for regeneration 
imes based on Bastian and Schreiber (1999). Those data indicate that mature peatbogs and old growth forests take up to
1,000 years for complete regeneration in the temperate zone. This regeneration o f forests might be speeded up in tropical 
dimate to 100-300 years if  species richness is taken as an indicator, but roughly the same when endemism is considered as 
he benchmark (Liebsch et al. 2008).
Generally regeneration time increases towards poles and with altitude. It also depends on the impact type as well as the 
:cosystem function or taxonomic group considered (Jones and Schmitz 2009). To take this into consideration, data based 
>n altitude and latitude made for regeneration o f biomass after land has been cleared, assuming no soil degradation are 
irovided in ( van Dobben in Lindeijer et al. 1998, Annex 1.23). These numbers can be used as proxies to estimate 
egeneration o f  cleared land in different biomes or ecoregions, by calculating an area weighted average per region 
depending on the share o f total land within different altitudinal and latitudinal classes). However, further assumptions are 
leeded to estimate regeneration time o f different land use types within one biome or ecoregion. For example, a constant 
egeneration rate r  (decrease o f AQ per time) could be assumed across land use types, which can be calculated as:
P ~ ^Qdreg ~~ (Qref~Qcleared)^ ireg, cleared (EqUatiOU 5)
Vhere Qref is the ecosystem quality o f the reference, Qcieared that o f a land from which vegetation cover was removed 
ompletely but no soil degradation took place, and treg, cleared the time needed to regenerate an ecosystem after it has been 
leared. However, such assumptions clearly do not reflect reality and should be used with caution. Since results o f overall 
npact calculation for land transformation are very sensitive to regeneration time (see Schmidt, 2008) and this factor is 
ighly uncertain we recommend providing uncertainty estimates by LCIA developers and using sensitivity analysis when 
pplying CFs (e.g. using low and high estimates o f regeneration times).
.2.0 Generic characterization factors versus case dependent calculation o f  impacts
The use o f generic characterization factors in LCA is a simplification in order to allow the calculation o f land use impacts 
for the background system. As land use is often globally distributed, but the impacts on biodiversity and ecosystem services 
are clearly depending on the type and location o f the land use, we recommend using differentiated CFs and link them 
consistently to differentiated land use inventories as proposed in this special issue. However, for the foreground system 
specific CFs can be calculated and should be applied in LCA as shown by the LANCA tool for ecological fimctions (Bos et 
al. submitted) or by Geyer et al. (2010a, 2010b) for biodiversity. This should enhance the validity o f the impact assessment 
and should also reduce uncertainties.
3.2.d  Allocation o f  land transformation impacts
Impacts from land transformation have to be allocated to output (functional units) arising from the new land use. This 
allocation or amortisation o f land transformation belongs to the inventory, whereas calculating the magnitude o f the land 
transformation impacts (integration o f AQ  between studied land use and reference over time, per area o f land 
transformation) lies in the LCIA phase.
One option is to take a fixed amortisation period for all land use types. 20 years would be consistent with IPCC 
suggestion for Soil Organic Carbon SOC emissions (IPCC 1996, Flynn et al. submitted). Allocating the transformation 
impact on the production output o f 20 years represents a good compromise between allocating them all to the first year (and 
thus quickly loosing sight o f the effects o f LUC) and using a long allocation period (which could lead to a quasi­
elimination of transformation impacts in the LCA results). An alternative is to assume different amortisation periods 
depending on the land use type. This was proposed in Ecoinvent v 2.0 (Frischknecht and Jungbluth 2007, Table 5.5) based 
on default use periods. Alternatively a linear depreciation along the regeneration pathway could be applied. E.g., Figure 1 
shows that transformation impact TIref.>LU2 would be 0 when t ’ is reached. After that the impact is 100% related to the 
occupation. This means the regeneration time for a specific land transformation equals the appreciation period.
However, the actual number o f years is arbitrary in any case. In the absence o f a clear, scientifically robust alternative, 
we suggest using 20 years as an allocation period, as this is in line with standards and regulations for land use-derived 
greenhouse gas emissions allocation (IPCC 1996, B S I2008) but also recommend sensitivity analysis.
3.3 Land use impacts calculation
3.3. a Modelling period fo r land use impacts
The basic principles for the calculation o f land use impacts from occupation and transformation are shown above (section 
2.1). Occupation impacts are modelled over the occupation time and thus no consideration o f modelling period is 
necessary. But for transformation impacts this calculation requires defining the modelling period: “the time lag between the 
land use intervention and the impact may be large; thus land use impacts should be calculated over a reasonable time period 
after the actual land use finishes...” (Milà i Canals et al. 2007a). The modelling period is the time (years) over which the 
impacts caused by land use are integrated (i.e., difference between current impacts and a reference situation).
Considering an arbitrary and finite modelling period is a practical solution, which deviates from the recommendations 
in Milà i Canals et al. (2007a), who suggest that “the impacts on ecosystem quality should be assessed at least until a new 
steady state in ecosystem quality is reached by natural or human-induced relaxation” (regeneration); such modelling would 
introduce inconsistencies with different land transformations, and would be hardly feasible in background systems (e.g., for 
LCI databases). The modelling period only has an effect on results when frill recovery to reference situation is not achieved 
within this period (Figure 2).
Taking a modelling period out o f the three (20, 100 and 500 years) applied by IPCC for CO2 equivalents is a reasonable 
starting point. The modelling period should be chosen long enough to fully include the main transformation impacts 
measured by regeneration time. They can be estimated on the basis o f observed re-vegetation on old quarries, past 
agricultural sites and closed railway tracks with known date o f abandonment. As shown above, natural regeneration in 
temperate or boreal forest biomes takes clearly more time than 100 years. That's why a modelling period o f 500 years was 
used by Müller-Wenk and Brandào (2010). In this guideline, a 500 years modelling period in land use LCIA is proposed as 
it is adequate in view o f the long-term natural processes involved.
3.3.b Uncertainty
Uncertainty is inherent in all steps o f the calculation o f global ecological impacts o f land use. Firstly, using statistical 
measures quantifying the statistical uncertainty o f CFs is highly recommended. The first and best approach is to compare
1 0
differences in the means of the CFs with statistical methods like ANOVA. The standard error (calculated as standard 
deviation divided by the root of sample size n) allows users to identify CFs with a high standard deviation in relation to the 
sample size, which are not appropriate for the use in LCA studies (Koellner and Scholz 2008). In cases where assumptions 
of normal distributions cannot be met and parametric statistics can therefore not be applied, nonparametric statistics based 
on differences in median and percentiles should be used. Such information can be used in Monte Carlo simulations or 
sensitivity analysis to assess the overall uncertainty of the impact assessment. This helps users to interpret the current state 
of knowledge on land use impacts assessment (e.g., which impact pathways are most uncertain and which parameters are 
uncertain and need to be better investigated) and should also allow identifying research priorities. Second, in order to assess 
the data quality we recommend to develop a pedigree matrix similar to what was presented in Ecoinvent 2.0 (Frischknecht 
and Jungbluth 2007, p. 45) and Ecoinvent 3.0 (Weidema et al. 2011, p. 83) to assess the reliability of the data and the 
models behind specific characterisation factors, the completeness of the impact pathway as well as temporal/geographical 
representativeness.
4 Discussion: Problems of global impact assessment
4.1 Simplifications and assumptions
Assessing the ecological impacts of land use on a global scale is a complex matter. Several simplifications, assumptions
and decision choices are linked with this approach of the calculation of generic CFs for land use impacts. The main ones
related to land transformation and occupation are:
• Discrete land cover types based on environmental factors like vegetation cover are the basis o f assessing ecological 
impacts, however estimates of ecosystem service changes may be inaccurate because species distributions and their 
functional properties can vary considerably within one land cover type (Eigenbrod et al. 2010). Replacing land cover 
maps with continuous environmental information including species functional traits as input into ES models is likely to 
increase the model validity (see Lavorel et al. 2010).
• Ecosystem quality Q remains constant over occupation time. This is not necessarily the case as during occupation Q 
can change (Milà i Canals et al. 2007a).
• Time and area o f occupation can be fully substituted to achieve a constant output (e.g., one ton of crop). This might be 
true for the inventory, but in terms of ecological impact it can matter either to use a small area for a long time or a 
large area for a short time (Koellner and Scholz 2007), or one single large plot versus many smaller ones.
• Transformation time is zero. This assumption is made, because in most LCA applications transformations imply 
worsening ecosystem quality, which in many cases requires not much time (e.g., deforestation and building o f  
infrastructure). However, in cases o f transfonnations improving the ecosystem quality (e.g., from agriculture to forest) 
this might not be appropriate.
• Ecological impact is linearly increasing with the intervention of occupation and transformation. However, biodiversity 
and ecosystem services might respond non-linearly to land use pressure (Carpenter et al. 2009). In LCA a marginal 
approach is taken to account for this with the assumption that the “concentration” of land use is not considerably 
changed in the background system given the intervention at stake. However, the question is at which threshold does an 
intervention influence the background system and non-linear system response starts.
• Biodiversity and the multiple ecosystem services are independent. But, research shows clearly there is an interaction 
between them (Balvanera et al. 2006, Bennett et al. 2009, Raudsepp-Heame et al. 2010). A first step towards 
addressing impacts o f biodiversity changes on ecosystem services is the assessment of functional diversity in LCA. It 
is also important to assess the relationship between impact results of different ecosystem services (see e.g. Milà i 
Canals et al. accepted).
• Multiple drivers o f ecosystem seiwices and biodiversity loss do not interact. In most product systems, multiple 
environmental impacts occur, such as climate change, pollution, and land use and the combined effects can lead to 
non-additive reactions of ecosystem services and biodiversity.
The following assumptions are made with respect to ecosystem regeneration, which is a major factor to assess
transformation impacts:
• Regeneration is linear and independent from the land use histoiy, i.e. only the last land use before abandonment is 
important and time o f occupation is not relevant. This is certainly not appropriate for many cases as land use history 
determines the potential o f ecosystems to recover. Ecosystems might also react nonlinearly in their regeneration 
depending on their resilience (Folke et al. 2004).
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Configuration o f  a landscape is not influencing regeneration time and the degree of regeneration (e.g. permanent 
impacts). Factors like the proximity to primary habitat, connectivity o f landscape, availability o f remaining primary 
habitat are not considered for biodiversity impacts. This could be addressed by a statistical approach as shown for 
Switzerland (Koellner 2003, p. 97-125, Koellner et al. 2004).
No active restoration was assumed. Until now we assumed that ecosystems regenerate naturally without human 
influence. However, in some cases technical means might contribute to ecosystem restoration (as for example applied 
in the restoration o f mining sites) and can shorten the regeneration time. It is uncertain to which extent this is possible 
for ecosystem services and for biodiversity on larger scales, and particularly for land use in the background system.
4.2 Separation of land use and water use
The impact category land use is often closely linked to the water use category. This is typically the case for irrigated 
agriculture, where the irrigation is part of the land use practice, but at the same time linked to the water used. Land use 
changes can also induce indirect changes in the water cycle. For instance, deforestation or surface sealing can change water 
infiltration, évapotranspiration and runoff, leading to changes in groundwater aquifer recharge and thereby influence 
freshwater availability in a specific region. This eventually may cause adverse impacts on downstream ecosystems and 
their biodiversity (Pfister et al. 2009), which may have significant contributions to the overall system’s water-related 
impacts (Milà i Canals et al. 2010). More discussion on overlap and complementarities between the two impact categories 
is given in Koellner et al. (201 la).
4.3 Support to decision-making
It is acknowledged that the value of the LCA results for decision-making depends heavily on the appropriateness of the LCI 
and LCIA approaches taken. In this sense, it is important to highlight that the choice of reference situation is a key element 
for the decision maker and should be fully appreciated for a proper interpretation of the results. The approach suggested in 
this guidance is to consider a biome-dependent (quasi-)natural land cover as a reference. However, policy-makers wanting 
to protect the current environmental quality may not be interested in knowing how far we are from an idealistic, quasi- 
natural situation. For this purpose, approaches relying on realistic scenarios of ecosystem development on a landscape scale 
should be developed. In addition, the spatial disaggregation to biome level is probably relevant as a first step o f spatial 
differentiation for global life cycles as shown in some case studies (see Milà i Canals et al. accepted); however, if  the 
decision maker wanted to support e.g. land use policy in a sub-biome level (e.g. in a country) then the LCI information (and 
LCIA CF) provided would need to be at a further level of detail. This also requires to clearly identify complementary 
methods at the landscape scale such as environmental impact assessment and regional ecosystem service models (e.g.. 
Nelson et al. 2009).
5 Conclusions and Recommendations
The principles and recommendations presented here are applied in the other papers of this special issue for the development 
of CFs for land use impacts on biodiversity and ecosystem services on a global scale. Such recommendations go beyond the 
general framework presented by Milà i Canals et al. (2007a) and explore further specific aspects such as, allocation of 
transformation impacts over 20 years, pragmatic consideration o f irreversible impacts with finite modelling period o f 500 
years, classification of impact pathways aligned with the Millennium Ecosystem Assessment (2005); discussion on the 
validity of inherent assumptions in land use impact modelling (section 4), consistent classification of different land use 
typologies and levels o f bio-geographical differentiation (Koellner et al. this issue) that goes beyond the “archetypical land 
uses” suggested in Milà i Canals et al. (2007a). Table SI summarises the impact pathways covered in the different papers 
and how the guideline presented in this paper has been followed in each one of them.
The presented CFs provided by the other papers of this special issue are developed for the global assessment o f direct 
land use impacts in the background system. For a more elaborated assessment of land use impacts in the foreground 
system, regional models should be further developed and applied for biodiversity (Geyer et al. 2010a, Geyer et al. 2010b) 
and ecosystem services (Beck et al. 2010, Bare 2011). Indirect land use in a consequential approach is also not yet 
sufficiently considered in LCA, and even though it is part o f the inventory it may have important consequences in the 
impact assessment and needs further research. Brandào (2011) offers some key insights on the importance o f indirect land 
use on the impact assessment results.
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Weighting o f ecosystem services midpoints and their independence are not yet addressed. As they link to the human 
well-being according to the Millennium Ecosystem Assessment such weighting can be based on the societal demand. For 
example the relative importance can be expressed in their economic value (Costanza 1997). Before such weighting is 
proposed, it would be worth to thoroughly explore whether the plethora o f ecosystem services quantified in this special 
issue provide differentiated results, or whether they are all so inter-linked that assessing one o f them would be enough. 
However, weightings o f ecosystem services midpoints as well as many decisions done along the development o f LCIA are 
clearly a matter of value choices. Further developments should make them consistently transparent for archetypical cultural 
perspectives (Hofstetter 1998, De Schryver et al. 2010).
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Separating transformation into two separate flows “transformation fro m ” and “transformation to ”. This idea was 
implemented in Ecoinvent 2.0, to reduce the number o f flows and allow better data management. The same approach was 
used in ReCiPe (De Schryver and Goedkoop 2008). Instead o f storing information for each combination o f  land use 
change, all land use changes are calculated in relation to a baseline. The land use flow “transformation from A to B” is split 
into two vectors “transformation from A to baseline” and “transformation from baseline to B” (Fig SI). That means, we 
would have to define a useful baseline. We suggest using the reference (“Potential natural vegetation”) as a baseline for this 
distinction. Because the reference land use type has per definition no impaet, the baseline is 0. For the overall impaet 
calculation o f transformation, it is irrelevant which baseline is chosen, as we first add and then subtract the baseline (see 
ecoinvent report, Frischknecht and Jungbluth 2007).
E cosystem  quality Q
(a) com bined (b) separated
Baseline
Transformation 
from  A to  B
Transformation 
from  A to  baseline
Transformation 
from baseline to  B
Figure SI : Options for calculating transformation land use flows.
If we add the temporal dimension to Figure SI we can calculate the transformation impacts o f both options (for simplicity, 
ive assume for the spatial dimension that the area o f each land use changes remains constant). This is illustrated in Figure 
32. The overall transformation impact for (a) combined impact and (b) separated impacts is the same, (a) Is calculated in 
he same way as in Figure I the transformation from LU2 to LU3. In (b), the land is immediately transformed from A to the 
Daseline. Without this (active) transformation, the ecosystem quality would gradually improve passively along the 
egeneration trajectory (diagonal o f the triangle). Therefore, with this (hypothetical) immediate transformation, we create a 
jenefit (negative value) to the ecosystem quality marked in the green triangle. In a second step the land is immediately 
ransformed from the baseline to B, causing a damage (positive value) to ecosystem quality. The overall impact to 
îcosystem quality o f the two transformations equals the transformation impact o f the combined transformation displayed in
a).
1 6
(a) combined (b) separated
Ecosystem quality 
Q
0,r e f
Ecosystem quality
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ty U Time U ty
0.5*(Q,,,-QJ*(L-U ~ ri ref-B ■*■ ^  rel-A
Time
Figure S2: Transformation from^ to B, calculated as (a) a combined impact or (b) two separated impacts.
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2) OiiU2 " OiuJ * (h'W *^
3) ~ r i 0. 5 (Qrof~ Q1U2) ^LU2. reg
4) ro f-^ L U 2 ~  r e f^ L U l'Lul
■LUl.
reg
tg Time2^
M
'igure S3: 
p-aph.
Transformation and occupation impacts o f two land use types 1 and 2. For simplicity the area A o f occupation is not shown in the
The same calculation of transformation and occupation impact can theoretically be applied for all land use types and 
)ossiblc transformation. In Figure S3 we illustrate a case of transforming land from a more intense land use activity LU l 
e.g. arable land) into less an intense land use activity LU2 (e.g. forest plantation). For illustration, we changed the order by 
Irst displaying the occupation and then the transformation impacts, but the calculation of areas remains the same as in 
ugures 1-2 and Figure S2. At time t,, the land is transformed from an unused reference situation to land use L U l and 
occupied until t]. Then land is transformed to LU2{Q.g. forest plantation). At time t] the land is abandoned and potentially 
egenerates after a regeneration time tiui.reg- Occupation impacts of LUl and LU2 are calculated as before: 01  = AQ* At* A. 
"ransformation impact of LU l is given by TIref-^nji= 0.5*{Q,.ef- Q lui)*  kui.reg* A. The transfonnation impact from LUl to 
,U2 is calculated as TInji^iu2 = 0.5*{Q,.gf- QluiY hu2,reg* A - Tlrgf_^ iui = TIref-*LU2 - As TI,.cf.^w2 "^ Tl,.gjL n^jiV e^
;et a negative impact, or a benefit for land use quality. In Figure S3, this benefit is illustrated as the dotted area (4). The 
istant decrease and increase of ecosystem quality at and ty is a strong simplification o f reality. In many cases, such 
hanges, especially increases in ecosystem quality (land transformation from LU l to LU2), are occurring gradually over a 
ertain time period.
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Abstract
Biological sequestration  can increase th e  carbon stocks of non-atm ospheric  reservoirs (e.g. land and 
land-based products). Since this contained carbon is sequeste red  from, and re ta ined outside, the  
a tm osphere  for a period of time, th e  concentration of CO2  in th e  a tm osphere  is temporarily reduced and 
som e radiative forcing is avoided. Carbon removal from th e  a tm osphere  and storage in th e  b iosphere  or 
an throposphere ,  therefore , has th e  potential to  mitigate climate change, even if th e  carbon storage  and 
associated benefits might be temporary.
Life Cycle Assessment (LCA) and Carbon Footprinting (CF) are increasingly popular tools for the  
environmental assessm ent of products, th a t  take into account their  entire life cycle. There have been 
significant efforts to  develop robust m ethods  to  account for th e  benefits, if any, of seques tra tion  and
tem porary  storage and release of biogenic carbon. However, th e re  is still no overall consensus on the  
most appropriate  ways of considering and quantifying it.
This paper reviews and discusses six available m ethods  for accounting for th e  potential climate impacts 
of carbon sequestration  and tem porary  storage or release of biogenic carbon in LCA and CF. Several 
viewpoints and approaches are  p resented  in a s tructured m anner  to  help decision-makers in their 
selection of an option from competing approaches for dealing with timing issues, including delayed 
emissions of fossil carbon. Key issues identified are  th a t  th e  benefits of tem porary  carbon removals 
depend on th e  t im e horizon adop ted  when assessing climate change impacts and are the re fo re  not 
purely science-based but include value judgments. We therefo re  did no t recom m end a preferred  option 
ou t of the  six alternatives presen ted  here. Further work is needed  to  combine aspects  of scientific and 
socio-economic understanding with value Judgements and ethical considerations.
Keywords: climate change, carbon footprint, carbon cycle, carbon stocks, carbon sinks. Global Warming Potential 
(GWP), time preferences
1. Introduction
Climate change is increasingly seen  as a major problem for th e  fu ture  of nature  and humanity, and 
significant reductions in ne t g reenhouse  gas (GHG) emissions will be needed to  mitigate potential 
problems and se t  th e  world on a sustainable path to  th e  fu ture  (e.g. IPCC, 2007). Reductions of the  
required magnitude are difficult to  accomplish without major changes in the  energy supply system th a t  
modern  society has com e to  rely on.
There has therefo re  been  growing in terest in increasing use of renew able  sources of energy, including 
bioenergy. For example, the  EU's Europe 2020 -  a stra teg y  fo r  sm art, sustainable and inclusive grow th  
(European Commission, 2010a), supports  this with its climate change and energy targets  for th e  year 
2020:
• reducing GHG emissions by 20% (or even 30%, if th e  conditions are right) relative to  th o se  in 
1990,
•  increasing th e  share  of energy from renewables to  20%, and
•  increasing energy efficiency by 20%.
However, questions have been raised abou t th e  timing of the  benefits of bioenergy (Searchinger e t  al., 
2009; M anom et Center for Conservation Sciences, 2010; Zanchi e t  al., 2010): bioenergy based  on 
harvest of existing forests may deple te  forest carbon stocks causing a tem porary  release of carbon until 
th e  forest regrows.
On the  o ther  hand, bioenergy may utilise biomass from land newly converted  to  forest. In this case, th e  
carbon is first seques te red  before it is released. Carbon sequestra tion  refers to  th e  removal of carbon 
dioxide from th e  a tm osphere , while tem porary  storage refers to  th e  subsequen t  m ain tenance  of 
seques te red  carbon for a limited period of time in non-atm ospheric  pools. Removal of carbon from th e  
a tm osphere  and tem porary  storage - for example in vegetation, soil, minerals, or biomass products  - is 
often discussed as a m eans to  mitigate climate change by temporarily  avoiding som e radiative forcing. 
Similarly, products or processes th a t  delay the  emissions of fossil carbon are considered to  offer a 
benefit through delaying th e  warming impact. However, th e re  is no s tandard  or universally-agreed
procedure for accounting for tem porary  carbon storage or release, or delayed emissions in th e  climate-
change impact category of life cycle assessm ent (LCA) and in th e  carbon footprinting (CF) of products.
Biospheric carbon m an ag em en t  differs from fossil-fuel carbon m an ag em en t  in th a t  carbon can be  both  
seques te red  to  and em itted  from the  biosphere. An initial carbon release can be balanced by 
subsequen t  biomass regrowth, or conversely an initial carbon sequestra tion  balanced by su b seq u en t  
release. Although th e  n e t  exchange in these  examples may be th e  same, their different timing with 
respect to  the  o rder of uptake and release of carbon will lead to  different trajectories of a tm ospheric  
CO2  concentrations and thus different cumulative radiative forcing, because th e  a tm ospheric  
concentration is de term ined  by th e  interactions be tw een  anthropogenic  CO2 flows (both emissions and 
sequestration), on one hand, and th e  CO2 exchange b e tw een  the  a tm osphere  and th e  world 's natural 
carbon reservoirs (terrestrial biosphere and oceans), on th e  o th e r  hand.
Despite significant efforts to  develop robust m ethods, th e re  is currently no consensus on how to
account for tem porary  removals of carbon from, or  additions to, th e  a tm osphere  in LCA and CF 
accounting. To fu rther  th e  scientific deb a te  on this issue, and to  inform those  considering alternative 
approaches, this paper  describes and evaluates six available m ethods for accounting for th e  potential 
climate impacts of carbon sequestra tion  and tem porary  s torage or release of biogenic carbon in LCA and 
CF. It does no t recom m end a particular approach, but points to  further research needs. The paper 
results from a workshop organised by th e  European Commission's Joint Research Centre in Ispra, Italy, 
in October 2010 which brought tog e th e r  experts on climate change, greenhouse  gas (GHG) accounting, 
LCA and CF to  review available options and to  discuss m ethods for accounting for th e  potential benefits 
of tem porary  carbon storage, (see Brandao and Levasseur 2011).
2. General Climate Impact Metrics
2.1 Global Warming Potential and Global Temperature Potential
Global Warming Potentials (GWPs) are  widely applied for assessing th e  contribution of GHGs to  climate 
change: they  are used in LCA, and have also been  adop ted  for national inventory reporting to  th e  United 
Nations Framework Convention on Climate Change (UNFCCC) and accounting under th e  Kyoto Protocol.
GWPs indicate th e  climatic impact of a GHG emission as a function of th e  GHG's radiative efficiency and 
its lifetime in the  a tm osphere  (see, for example, Forster e t  al., 2007). The GWP index for a given GHG is 
calculated as the  cumulative radiative forcing caused by a unit mass emission of th a t  GHG integrated 
over a given tim e horizon, as com pared  with th e  cumulative radiative forcing due  to  emission of a unit 
mass of carbon dioxide (CO2 ) over th a t  sam e tim e horizon. As each GHG has a different atm ospheric  
lifetime, th e  choice of a time horizon is critical, with shorte r  time horizons shifting th e  relative 
importance tow ard  th e  shorter-lived GHGs (i.e. m ethane) w hereas  longer time horizons increase the  
relative importance of the  long-lived GHGs (i.e. CO2 , N2 O, CFCs). The m ost com m on time horizon used 
for GWP in LCA and CF, and in reporting to  th e  UNFCCC, is currently 100 years.
An alternative metric for comparison of different GHGs, th e  Global Tem perature  Potential (GTP), was 
proposed by Shine e t  al. (2005). In contrast to  GWPs, th a t  integrate th e  warming potential of different 
gases, th e  GTP assesses th e  difference in tem p era tu re  reached after a specific t im e period as a 
consequence  of the  emission of a unit emission of th e  GHG, in comparison with th e  te m p e ra tu re  
reached as a consequence of a unit mass of CO2 . For a given tim e period this would result in different 
characterisation factors betw een  GWPs and GTPs.
2.2 Need for complementary metrics for a more inclusive assessment
Kirschbaum (2003a, 2003b, 2006) has argued th a t  th e  adoption of any kind of metric to  quantify the  
effect of different GHG emissions should be explicitly based on th e  identification and quantification of 
climate change impacts.
Kirschbaum argued th a t  th e re  are a t  least th ree  different kinds of impacts to  consider in relation to  the  
m an-m ade global warming: impacts related to  instantaneous fu ture  tem pera tu res  (like direct heat-w ave
impacts), impacts related to  th e  ra te  of tem p era tu re  increase (such as those  of im portance for 
ecological or societal mal-adaptation) and impacts related to  cumulative tem p era tu re  increases (such as 
those  influencing sea level rise). All th ree  types of impacts are important, and he argued th a t  all th ree  
should be recognised in the  developm ent of impact metrics.
GWPs essentially account for th e  impacts caused by cumulative tem p era tu re  increases, w hereas  the  
proposed GTPs quantify the  impact of instantaneous tem p era tu re  increases (e.g. ex trem e w ea th e r  
conditions and diseases). O ther aspects  of climate change, such as th e  rate of tem p era tu re  increase, are 
no t well rep resen ted  by either  th e  GWP or GTP indicators. This calls for different metrics to  be applied 
for th e  assessm ent of each of th e  th ree  types of impacts on climate change (Tanaka e t  al., 2010). None 
of th e se  metrics is universally preferable. The key issue is not th a t  one  kind of metric is b e t te r  than  
another, but th a t  several are im portant in o rder to  express different impacts th a t  need  to  be 
considered, and th a t  th e  commonly-used GWP is not a fully ad eq u a te  m easure  of th e  impact of changes 
in a tm ospheric  GHG concentrations on the  global climate system. A differentiation of GHG impacts 
according to  the  types of consequences th a t  they  cause will also prepare  a be tte r  ground for assessm ent 
of th e  dam ages associated with climate change -  one  of th e  major challenges to  curren t endpoin t 
approaches in life cycle impact assessm ent (European Commission, 2011). Multiple or m ore  complex 
metrics will supply additional information and, if an aggregated climate change impact metric is to  be 
devised, e.g. via dam age modelling, it would need  to  recognise and reflect explicitly th e  th re e  types of 
impacts described above.
The incorporation of these  additional considerations in m ethods  for LCA and CF will no t necessarily limit 
the ir  use as pragmatic tools of analysis; th e  metrics developed by im pact-assessm ent experts  will be 
utilised within LCA m ethods in similar m anner to  currently used GWP. Hence, increased complexity and 
robustness in impact assessm ent should not limit the  value of LCA/CF as a décision-support tool.
2.3 Application in LCA and CF
LCA and CF commonly adopt th e  100-year GWP as the  climate-change metric to  d e te rm ine  th e  relative 
contribution of different GHG emissions. Carbon sequestration  during biomass growth can be accounted  
for as a negative emission in LCA, but the  duration of carbon storage is usually not taken  into account^. 
In fact, carbon stock changes in biomass and soils are often completely ignored in biofuel LCAs (see e.g. 
Cherubini e t  al., 2009; Brandao e t  al., 2011), despite ISO (2003) providing th e  rationale for accounting 
for carbon sinks related to  forestry activities.
Impacts of carbon stock changes could be expressed in a variety of ways: (i) cumulative radiative forcing 
(quantified via GWPs), which is th e  traditional t re a tm e n t  of GHG emissions in LCA and CF, (ii) as direct 
tem p e ra tu re  impacts (via GTP) or (iii) as a com pound index th a t  includes different climatic impacts. For 
com pleteness, it would be w arran ted  to  include any climate-change impacts of tem pora ry  carbon 
s torage and removals. These impacts are usually neglected in current environmental a ssessm en t of 
products, w here  only th e  impact of fossil-fuel based GHG emissions is included.
* An exception is the PAS 2050 (BSI, 2008), see Section 4.4.
3. Key issues
3.1. Carbon stock change in biosphere and fossil-fuel pools: the issue of additionality
Some land uses and land-m anagem ent practices result in carbon sequestration, while o thers  result in 
carbon emissions (e.g. afforestation and deforestation, respectively).
The use of existing forests for bioenergy essentially am ounts  to  a tem porary  emission: forest  carbon 
stocks are decreased  a t  th e  time of harvest, and CO2 is released to  th e  a tm osphere  w hen  th e  biomass is 
combusted . It is seques te red  again as the  forest regrows. Under th e  rules of th e  Kyoto Protocol, 
bioenergy is d eem ed  "carbon neutral"^. Emissions from bioenergy are no t accounted a t  th e  point of 
combustion because it was intended th a t  the  carbon stock changes th a t  accompany th e  production of 
biomass would be accounted in the  "Land Use, Land Use Change and Forestry" sector. However, these  
forest carbon stock changes are no t necessarily included in Kyoto Protocol accounting: if bioenergy is 
produced from land without leading to  any change in land use, then  carbon-stock changes are  not 
counted  unless th e  country has e lected to  include Forest M anagem ent in their Kyoto Protocol account. 
Therefore a credit is effectively given for biomass used for energy without acknowledging th a t  it may be 
many decades before th e  benefit from avoided fossil fuel emissions cancels th e  "carbon deb t"  c rea ted  
by a decline in average forest carbon stock when additional biomass is extracted  for bioenergy 
(Manomet Center for Conservation Sciences, 2010; Zanchi e t  al., 2010; Pingoud e t al., 2010). The impact 
of this tem porary  emission is no t counted. On th e  o the r  hand, if biomass com es from land-use change in 
a country th a t  has a com m itm ent under th e  Protocol, then  th e  carbon stock changes m ust be 
accounted. If biomass is imported from a country th a t  has no com m itm ent under th e  Protocol, carbon 
stock changes due to  biomass production are no t counted, w h e th e r  or not th e re  is land use change. This 
leaves th e  potential for incomplete accounting for bioenergy, under th e  Kyoto Protocol (Pingoud e t  al., 
2010). Adoption of the  "carbon neutral" s ta tus for bioenergy for offset project accounting, LCA and CF 
also leads to  incomplete assessm ent of climate change impacts of activities with tem poral imbalance in 
sequestration  and emission of carbon.
Some workshop participants argued that,  for project level accounting, LCA or CF, climate benefits only 
arise when taking additional carbon ou t of the  a tm osphere  and into a sink^. Following this rationale, th e  
only products th a t  could gain credits are those  coming from a new  afforestation project, thus  
distinguishing forests newly established with the  intention of sequestering carbon from existing 
m anaged  forests. However, this logic could lead to  unbalanced accounting: if products are  taken  from an 
existing m anaged forest w here  harvest equals regrowth, and credit is no t given for initial seques tra t ion  
but emissions are counted  a t  th e  t im e C is released from th e  products, then  ne t emissions are 
overestimated.
 ^Carbon neutrality is assumed only when earbon is emitted as CO2. If  any carbon is emitted as CH4, this quantity is 
recognised as an emission.
 ^If carbon would have been sequestered anyway, there would be no additional mitigation from undertaking this 
activity. Most offset schemes require an activity to be “additional to business as usual”, known as an “additionality 
test”.
Rather, it would be m ore consistent if wood products w ere  credited with initial sequestra tion  and any 
change in carbon stock in th e  forest, w h e the r  positive or  negative, w ere  also included in th e  inventory. 
To determ ine th e  mitigation value, such as for project level emissions trading, th e  total life cycle ne t  
emissions of th e  product should be com pared with th a t  o f a reference product system.
Other workshop participants argued th a t  delaying a fossil emission (despite the  lack of additionality) is 
equivalent to  storing carbon in biomass. They argued that,  since th e  atm ospheric  reactions do not 
distinguish be tw een  fossil and biogenic carbon, delayed fossil or biogenic emissions should be tre a te d  
equally. However, in th e  case of the  biomass, th e re  is a negative emission due to  th e  carbon uptake 
from the  a tm osphere .  For consistency, all flows of carbon be tw een  a product and th e  a tm o sp h ere  m ust 
be considered and if th e  decision is m ade to  account for th e  timing of th e se  flows, it has to  be done  for 
every carbon uptake and emission, regardless of the  fossil or non-fossil origin of th e  carbon.
3.2. The time value of carbon sequestration and temporary storage
There is an extensive literature on th e  t im e value of carbon emissions th a t  deals with how  to  consider 
and value tem porary  storage and w h e th e r  it is appropria te  to  discount emissions over time, and th e re  
are  precedents  even within climate mitigation policy for giving value to  t im e-dependen t p h enom ena  
(see, for example, Richards, 1997; Herzog e t  al., 2003; Moura-Costa and Wilson, 2000, Fearnside e t  al., 
2000).
Shirley e t  al. (2010) have shown th a t  when carbon emissions are assigned m onetary  value, as with a 
carbon tax or in a cap-and-trade system, th e  timing of carbon emissions can have very large econom ic 
implications. A delayed paym ent has less ne t p resen t  value than  a current paym ent so long as th e  cost 
does not increase faster than  the  discount rate. As s ta ted  succinctly by Richards (1997): "W herever 
th e re  is a positive time value to  carbon the re  is a positive value to  tem porary  capture and storage".
On the  o the r  hand, any assessm ent of th e  value of tem porary  storage should recognise th e  feedbacks 
th a t  may act to  negate  th e  benefit: if CO2 is temporarily  rem oved from th e  a tm osphere ,  it lowers th e  
effective concentration gradient be tw een  th e  a tm osphere  and th e  oceans, and th e  oceans the re fo re  
may absorb less CO2 than  they  would w ithout the  a tm ospheric  concentration tem porarily  lowered 
(Meinshausen and Hare, 2002; Korhonen e t  al., 2002; Kirschbaum, 2003a; 2003b). If th e  sam e quantity  
of CO2 is then  returned  to  th e  a tm osphere  at a later stage, such as when a biofuel is utilised, the  
a tm ospheric  CO2 concentration may temporarily be higher than  it would have been w ithout tem pora ry  
s torage in vegetation. The benefit of delayed warming m ust then  be balanced against th e  possibly 
higher future warming, taking into account induced changes in all th ree  global warming impacts 
p resen ted  in Section 2.2. Conversely, when re-releasing carbon and increasing radiative forcing, th e  
carbon-concentration gradient becom es higher be tw een  th e  a tm osphere  and th e  oceans, and th e  
uptake by the  oceans will be similarly higher. This fu rther emphasizes th e  importance of th e  timing of 
emissions relative to  tipping points in the  global climate system th a t  we w an t to  avoid exceeding.
3.3. Time horizon
Several tim e aspects are discussed in this debate: 1) characterisation tim e horizon (e.g. th a t  for 
calculating GWPs); 2) tim e period of assessm ent (the period over which GHG emissions and removals 
from a product system are considered, see  PAS 2050); and 3) life cycle (i.e. th e  period covering th e  
whole life cycle of a product). This section is concerned with th e  first aspect.
One of th e  key points in determining th e  benefits of tem porary  carbon storage is th e  possible choice of a 
t im e horizon beyond which radiative forcing is neglected. From a time perspective of infinity, the re  is no 
benefit in taking carbon ou t of th e  a tm osphere  and releasing it back later, as the  burden is just shifted 
further in time. Applying a finite t im e horizon beyond which impacts are disregarded violates the  
principle of inter-generational equity, which is em bedded  in th e  concept of sustainable deve lopm ent 
(unless it can be reasonably expected th a t  society will be b e t te r  able to  cope with climate change in th e  
future). A too-short time horizon would give too  much weight to  early GHG emissions (as well as to  the  
first years of carbon storage or th e  first years by which an emission is delayed), and would encourage 
fossil-fuel emissions as long as som e tem porary  carbon storage com pensates  for it. On th e  o th e r  hand, a 
too-long tim e horizon would no t take into account th e  urgency of th e  issue, which should be tackled 
before any tipping points are reached.
There are  several argum ents in th e  discussions for and against using th e  100-year t im e horizon. If GHG 
concentrations in 100 years have re turned  to  pre-industrial levels, e ither because of effective global 
lifestyle choices, technological innovation or w ide-spread w ar and economic disruption, then  one  might 
not have to  worry abou t th e  level of radiative forcing beyond th a t  point. If, on th e  o th e r  hand, radiative 
forcing has continued to  increase for th e  next 100 years, even m ore dangerous levels may have been 
reached by then  and controlling it would be critical. However, as predictions over m ore  than  100 years 
would be highly uncertain, it might not be w arran ted  to  assign much importance to  th em  in an 
assessm ent. Nevertheless, ignoring w ha t  happens beyond 100 years wouid imply e i ther  th a t  problems 
will have been solved by then  or th a t  w e do not care abou t th e  generations th a t  live then .
A tim e horizon of 100 years is now frequently  chosen as a reference time scale for calculation of GWPs 
because of th e  w idespread use of 100-year GWPs in policies and accounting related to  th e  Kyoto 
Protocol (see e.g. Fearnside, 2002). The 100-year GWPs com pare radiative forcing in tegrated  over 100 
years for non-CO: GHGs with th a t  of CO2  -  i.e. they  ignore radiative forcing beyond 100 years in 
determining their  relative warming impact.
According to  Shine (2009), one of th e  lead authors who proposed th e  GWP concept in th e  IPCC First 
Assessment Report, however, th e  choice of th e  100-year time horizon cannot be m ade on scientific 
grounds, but is a subjective, policy-driven, choice. In Life Cycle Impact Assessment (LCIA), m ost m e thods  
are currently using th e  100-year GWP for defining characterization factors, although an infinite time 
horizon is applied in the  modelling of m ost o the r  environmental impacts in accordance with an ambition 
to  avoid any discounting or cut-offs. By contrast, som e analyses (e.g. Mueller-Wenk and Brandao, 2010; 
IMPACT2002+) used 500 years because it is closer to  infinity. Using an infinite t im e fram e for global 
warming results in CO2  dominating th e  climate impact, with o th e r  GHGs becoming negligible, as th e  CO2  
concentration following a pulse-emission never returns to  pre-emission levels in th e  com m only used
Bern carbon-cycle model which assum es th a t  a fraction of em itted  CO2 is perm anently  retained in the  
a tm osphere .
4. Existing and developing approaches for assessing carbon sequestration and temporary storage and 
release, and delayed emissions, in LCA and CF
It may be necessary to  consider o th e r  indicators in addition, or in alternative, to  GWP for climate change 
impact assessments. However, as it will require tim e and resources for research to  develop new 
indicators, and as the re  is an im portant international consensus on th e  use of th e  100-year GWP, we 
considered m ethods for assessing tem porary  carbon storage and delayed emissions using th e  GWP 
concept and a given time horizon. Six options w ere  discussed to  de term ine  how  timing could be 
accounted for using the  cumulative radiative forcing concept (see Figure 1). In all cases, a tim e horizon 
m ust be chosen beyond which th e  impact of emissions is considered to  be no longer relevant. This t ime 
horizon is related to  th e  characterisation of interventions th a t  affect th e  climate (e.g. GHG emissions, 
carbon sequestration  and tem porary  storage) and no t to  th e  tim e period of assessm ent. The 
characterisation time horizon and th e  time period of assessm ent do not necessarily have to  be 
harmonised, despite a t tem p ts  for doing so (e.g. Levasseur e t  al., 2010).
4.1 Current LCA practice (Option 1: Fixed GWP)
Conventional LCA methodology does not assign any benefits to  temporarily  removing carbon from the  
a tm osphere  because it does not consider th e  timing of emissions relative to  removals. Thus, 
conventional LCA methodology uses a constan t characterization factor th roughou t the  life cycle of a 
product.
To calculate ne t  GHG emissions for biologically-based products, th e  am o u n t  of CO2  taken up during 
biomass growth, in the  first stage of the  product life cycle, is typically sub trac ted  from th e  am o u n t  of 
CO2 (including biogenic CO2 ) released to  the  a tm osphere  during all life-cycle stages of th e  product. 
Carbon neutrality is often claimed on th e  basis th a t  expected  CO2 sequestra tion  from biomass growth is 
equal to  or g rea ter  than  the  expected CO2 release over th e  full life cycle, regardless of th e  difference in 
timing of uptake and release. Biogenic carbon fluxes are consequently  om itted  from many LCA studies 
(Cherubini e t  al., 2009).
Another variant of current LCA practice is not to  adop t GWPs varying with time, but ra ther to  limit th e  
t im e period of assessment. As a result, emissions occurring within th e  t im e period of assessm ent would 
all have th e  sam e impact and emissions occurring beyond (e.g. those  from landfills) would have no 
impact. A disadvantage of this option is th a t  a high value is given for an emission occurring one  year 
before th e  chosen tim e horizon ends, and then  no value for an emission occurring th e  following year. 
Consequently, a substantial benefit would be given for delaying an emission past th a t  final year of 
assessm ent. For long tim e horizons, th e  consequences of this would no t be significant, but for sho r te r  
tim e horizons, this would be avoided by using a decreasing characterization factor, as in th e  following 
options.
4.2 The Moura-Costa method (Option 2)
The Moura-Costa m ethod  for dealing with sequestration  and tem porary  storage of carbon (Moura-Costa 
and Wilson 2000) was discussed in th e  IPCC Special Report on Land Use, Land-Use Change and Forestry 
(LULUCF) (Watson 2000), but has no t been applied or further developed for GHG inventory calculation. 
Instead, th e  annual stock change m ethod , proposed in the  IPCC Good Practice Guidance fo r  Land Use, 
Land Use Change and Forestry (Penman e t  al., 2003) was adop ted  for national GHG emissions inventory 
reporting and Kyoto Protocol accounting. Nevertheless, the  Moura-Costa m ethod  has been  proposed for 
LCA-related applications (see Müller-Wenk and Brandao, 2010). This m ethod  calculates an equivalence 
factor be tw een  kgCOa-eq and kgCOi-year, which serves as th e  basis for crediting sequestration  and 
storage of CO2 for th e  num ber  of years it is removed and kept ou t of th e  a tm osphere .  This credit can 
then  be subtracted  from a GHG inventory, as it is assum ed to  com pensate  for the  impact of an 
equivalent GHG emission. The Moura-Costa m ethod  is described in fu rther detail in th e  workshop report 
(see Brandao and Levasseur, 2011).
One issue with this option is th a t  it adopts  a fixed length but not a fixed s tart  and end point of th e  time 
horizon. In this way, the  impact of an emission is considered for a period with a fixed length, regardless 
of when th e  emission occurs. For example, if a 100-year time period is adopted, the  impact of an 
emission occurring in year 2000 is considered up to  year 2100 and th a t  of an emission occurring in 2010 
is considered over the  following 100 years, i.e. up to  2110. This m ethod  is consistent in th e  way it trea ts  
all emissions/removals, i.e. considering their impact always for th e  defined length of th e  period 
following an emission/removal. As th e  atm ospheric  CO2 concentration following an emission decreases  
over th e  time horizon, this m eans th a t  the  benefit of sequestering a unit mass of carbon for a num ber  of 
years equal to  the  t ime horizon and then  releasing it is higher than  the  total impact of th e  emission of a 
similar am ount integrated over this time horizon. For example, using a 100-year t im e horizon 1 1 CO2  
seques te red  and stored for 96 years would result in -2 t  CÛ2 -eq, i.e. th e  credit reflects th e  avoidance of 
th e  radiative forcing from 200% of th e  carbon th a t  is actually being stored. It may be misleading to  
credit the  sequestration and tem porary  s torage of 1 to n n e  of CO2 with m ore than  - 1 1 C02-eq. Doing so 
could be seen as inconsistent because th e  radiative forcing incurred w ere  this carbon released into th e  
a tm osphere  instead would never be more than  1 1 C0 2 -eq.
4.3 The Lashof method (Option 3)
Like th e  Moura-Costa m ethod, th e  Lashof m ethod  (Fearnside e t  al. 2000) was discussed in th e  IPCC 
Special Report on LULUCF (Watson 2000) and is described in further  detail in the  workshop report (see 
Brandao and Levasseur, 2011). It has been proposed for LCA-related applications (Courchesne e t  al. 
2010), but has not been applied or further developed for national reporting under th e  Kyoto Protocol. It 
aims to  calculate a credit in kg-eq CO2 for removing and keeping carbon ou t of th e  a tm osphere  for a 
given num ber of years, although it can also been in terpre ted  as a credit for a delayed fossil emission.
Contrary to  th e  Moura-Costa approach, the  application of this m ethod  never results in m ore  than  100% 
credit when delaying an emission. An emission would have to  be delayed by 100 years in o rder to  be 
considered neutral.
4.4 The PAS 2050 method (Option 4)
In 2008, timing issues regained a tten tion  due to  th e  developm ent of th e  British specification PAS 2050 
for carbon footprinting (BSI, 2008), w here  credits w ere  given to  tem porary  carbon s torage and delayed 
emissions. The PAS 2050 (BSI, 2008) approach accounts for tem porary  carbon storage  in products  by 
looking a t  th e  effect of delaying an emission on radiative forcing from the  t im e of product m anufacture  
and up to  100 years. It applies a dual approach: for short  s torage times, it uses a linear approximation of 
the  Lashof m ethod  (see Clift and Brandao, 2008), w hereas  for longer storage tim es w here  this 
approximation is no t valid, it simply considers the  average am oun t of carbon stored over 100 y e a r s \  All 
emissions taking place after 100 years are no t accounted for, which is a marked d ep ar tu re  from 
conventional LCA approaches. In LCA, th e  use of a 100-year time horizon for assessing global warming 
impacts implies a cut-off of th e  'tails' of GHG's a tmospheric residences a t  100 years following their  
emission. However, this is consistently applied to  all emissions regardless of when they  occur. Under
PAS 2050, emissions delayed by m ore than  100 years are entirely ignored.
The revised PAS 2050 (BSI, 2011) maintains th e  100-year assessm ent period, but requires th a t  carbon 
footprints be calculated with no credit for tem porary  storage of less than  100 years. Despite being no 
longer a requirem ent, organisations intending to  undertake the  assessm ent of delayed emissions may
still do so, according to  th e  m ethod  above (PAS 2050, 2011).
4.5 The dynamic LCA method (Option 5)
The dynamic LCA approach (Levasseur e t  al. 2010), developed recently to  account for th e  timing of th e  
emissions in LCA, considers th e  tem poral distribution of GHG emissions over th e  life cycle and calculates 
the ir  impact on radiative forcing a t  any time using dynamic characterization factors, which consist of the  
absolute  GWP integrated continuously through a fixed t ime horizon.
Despite th e  sam e characterisation factors being derived from both this and the  Lashof m ethods  (see 
Figure 1), one  im portant difference be tw een  th e  tw o is th a t  the  dynamic LCA approach fixes th e  
beginning of th e  accounting period and th e  Lashof approach does not. This implies th a t  removing a 
certain am oun t of a tm ospheric  carbon always has th e  sam e climate impact in the  la tter m ethod , bu t not 
in th e  former. The dynamic LCA approach aims a t  consistency be tw een  the  tim e period of th e  
assessm ent and the  overall tim e horizon within which radiative forcing is considered For example, if a 
100-year tim e period for the  assessm ent is adopted, a 100-year time horizon is chosen for impact 
assessm ent (i.e. for integrating radiative forcing). As a result, the  impact of an emission occurring in year 
2000 is considered up to  year 2100 and th a t  of an emission occurring in 2090 is also considered up to  
2100, i.e. its radiative forcing is only modelled for the  following 10 years. This m eans th a t  th e  radiative
Emission delayed by x years gets a credit o f 0.0076x (from 2 to 25 years) and O.Olx (from 25 to 100 years)
forcing in th e  full 100-year period following th e  emission is only considered for th e  fo rm er but no t for 
th e  latter emission.
4.6 The ILCD handbook method (Option 6)
The European Commission's ILCD Handbook (European Commission, 2010b), also p roposes a way to  
account for th e  timing of GHG emissions in LCA. According to  th e  ILCD Handbook, tem pora ry  carbon 
s torage and delayed emissions shall not be considered in LCA, unless th e  goal of the  study clearly 
w arrants it (e.g. th e  study aims to  assess the  effect th a t  delayed emissions have on th e  overall results of 
an LCA study). In this case, any delayed GHG emission is to  be t rea ted  on th e  sam e basis as tem porary  
carbon storage. In this approach, to  account for a delayed emission, a credit is given by multiplying kg 
COz-eq. of th e  emission by th e  num ber of years the  emission is delayed by, up to  100 years, and by a 
factor of -0.01. Emissions occurring beyond 100 years from th e  time of the  study are  inventoried 
separately as "long-term emissions", and are no t included into th e  general LCIA results calculation and 
aggregation, but are to  be calculated, p resen ted  and discussed as sepa ra te  LCIA results. Emissions are 
ignored if they  occur after 100,000 years.
Like the  Moura-Costa m ethod, th e  linearity of this m ethod  makes it very simple to  use in LCA, as th e  
yearly benefit for delaying an emission is constant. However, as opposed  to  som e interpre ta tions of the  
Moura-Costa method, application of the  ILCD m ethod to  carbon storage results in a maximum of 100% 
com pensation of a corresponding CO2  emission.
4.7 New and developing approaches
Two other documents provide guidelines on whether temporary carbon storage should be 
accounted for, and how. The International Organization for Standardization (ISO) is developing 
a new standard for carbon footprinting of products, ISO 14067. Also, a partnership between the 
World Resources Institute (WRI) and the World Business Council for Sustainable Development 
(WBCSD) recently released the Product Life Cycle Greenhouse Gas Accounting Standard (WRI 
and WBCSD, 2011), also known as the GHG Protocol. Both of these standards concern the 
quantification and communication of carbon footprints of products over their life cycle. Like the 
revised PAS 2050 (BSI 2011), these standards require that no credit be given to temporary 
storage in the base calculation although, like the original PAS 2050 (BSI, 2008), they may allow 
a supplementary figure to be calculated that does include temporal aspects to be reported 
separately.
Some alternative approaches to  account for biogenic carbon uptake and emissions w ere  p resen ted  
during the  JRC workshop. The first was the  indicator GWPbio, developed to  assess th e  climate change 
impact of biogenic CO2  emissions while considering the  dynamics of vegetation re-growth (Cherubini e t  
al., 2011). The GWPbio approach combines th e  CO2 impulse response function described by th e  Bern 
cycle model, as used in the  calculation of GWP, with a forest growth curve to  assess th e  radiative forcing 
resulting from tem porary  carbon release due to  bioenergy produced from existing forests. These factors 
are  thus  specific to  a given type of vegetation with a specific growth cycle.
Zanchi e t  ai. (2010) described th e  concept of th e  carbon neutrality factor (CN) (modified from 
Schlamadinger e t  al., 1995) to  quantify th e  GHG emission reduction caused by the  use of biomass as an 
energy source. As s ta ted  above, GHG emissions from th e  combustion of biomass are  currently often 
assum ed to  be carbon-neutral. W hen th e  time needed  to  seques te r  back this carbon in re-growing 
biomass is long, the  capability of bioenergy to  reduce th e  GHG emissions on a short- to  m edium -term  is 
reduced. The CN factor is defined as th e  ratio be tw een  the  ne t  reduction/increase of carbon emissions 
in th e  bioenergy system and th e  carbon emissions from th e  substitu ted  reference energy system, over a 
specified t im e period. Zanchi e t  al. (2010) suggest tha t,  ra ther than  assuming carbon neutrality in GHG 
accounting for bioenergy, a CN factor could be applied to  effectively discount emissions, reflecting the  
ex ten t to  which various bioenergy systems are carbon neutral over a chosen policy-relevant t im e period.
Cowie presen ted  th e  concept of Net Present Value (NPV) of emissions reduction developed under the  
lEA Bioenergy Task 38 (Bird e t  al., 2011) to  account for th e  differences in timing of emissions and 
removals in different bioenergy systems. While discounting of physical units is often contentious (e.g. 
O'Hare e t  al., 2009), Bird e t  al. (2011) suggest th a t  financial indicators can be ad ap ted  to  convey the  
concept of time preference for current versus fu ture  emissions.
5. General discussion and summary of key points
There are different environmental and techno-econom ic argum ents  in favour of tem pora ry  carbon 
storage: it buys time for technological progress and adaptation , postpones or temporarily  avoids 
radiative forcing, and som e tem porary  carbon storage may becom e perm anen t o r  contribute  to  a 
perm anen t sink by successive tem porary  activities. Sequestering carbon also keeps us on a lower carbon 
path and reduces the  risk of exceeding possible tipping points, etc. (Marland e t  al. 2001; Dornburg and 
Marland, 2008; Fearnside, 2008). However, the  effectiveness of using tem porary  carbon sequestra tion  
and storage to  mitigate climate change has been questioned (Meinshausen and Hare, 2002; Korhonen e t 
al., 2002; Kirschbaum, 2003a; 2006). This is a critically im portant issue th a t  requires fu r ther  study and 
analysis so th a t  optimal GHG m anagem en t options can be devised based on th e  best overall 
understanding of the  combined effect of th e se  competing factors and considerations.
Carbon captured into e lem ents  of product systems (e.g. biomass, soils or products m ade from these) 
can increase th e  carbon stocks of th e se  non-atmospheric reservoirs and the reby  can constitu te  
tem porary  carbon sinks. Since the  em bodied carbon is seques te red  from, and re ta ined outside the  
a tm osphere  for a period of time, som e radiative forcing is avoided. Carbon removal from the  
a tm osphere  and tem porary  storage in th e  biosphere or an th roposphere ,  therefore , has th e  potential to  
help mitigate climate change, even though the  benefits might be tem porary . Carbon seques tra tion  and 
tem porary  storage may, however, also lead to  reduced carbon uptake by the  oceans so th a t  th e  
atm ospheric  CO2 concentration, and therefo re  radiative forcing, may be higher after  release of carbon 
than  it would have been without tem porary  carbon sequestration  and storage. From th e  sam e 
reasoning, when re-releasing s tored  carbon and increasing radiative forcing, the  carbon uptake by th e  
oceans will similarly increase. This further outlines th e  im portance of timing of emissions in relation to  
tipping points.
Relative GWPs are a metric developed by th e  IPCC to allow GHGs of different radiative efficiencies and 
atm ospheric  lifetimes to  be compared, so th a t  CO2 as well as non-C02 GHGs can be included in GHG 
inventories for reporting and accounting under UNFCCC and th e  Kyoto Protocol. Use of GWPs enables 
ne t emissions/removals for a product or project, in t  C02-eq., to  be calculated. The application of GWPs 
constitutes an interesting and unusual way of dealing with tim e preference in th a t  it applies no discount 
for the  radiative forcing within the  chosen time horizon. Hence, all radiative forcing across th e  t im e 
horizon is assigned th e  sam e importance. Subsequent radiative forcing is abruptly assigned a value of 0 
beyond th e  end of th e  chosen time horizon For example, in using 100-year GWP, th e  radiative forcing in 
both year 1 and year 100 after emission (e.g. th a t  in year 99) is accounted fully, but any radiative forcing 
after  year 100 (e.g. th a t  in year 101) is excluded.
The adoption of GWPs implicitly assigns g rea tes t  importance to  those  types of climatic impacts th a t  are 
related to  cumulative radiative forcing. Adoption of GTPs, on th e  o the r  hand, implies equating climatic 
impacts with fu ture  tem p era tu res  in specific years ra ther than  th e  cumulative radiative forcing leading 
up to  those  years. The adoption of different metrics for th e  climate change impact category in LCA was 
proposed by Kirschbaum to  account for th e  different types of impact and may lead to  different 
evaluations of th e  value of tem porary  carbon storage. A single indicator could also be developed  by 
going further  in th e  impact chain (that is, by modeling ultimate damage), while considering different 
pathways (midpoints) before aggregating, as is done with o th e r  impact categories in LCIA. If midpoint 
modeling is preferred to  dam age modeling^ several different indicators could be used and this would 
also support a more qualified assessm ent of th e  dam ages associated with th e  different types  of 
midpoint impacts. However, this would depart  from th e  t rend  of combining different indicators to  
facilitate decision-making. Extensive work is still needed  to  model the  full impact pathways of all GHG- 
related interventions (see Figure 2).
Six options are  p resen ted  th a t  could be used for assessing time in LCA and CF. None is recom m ended  
over th e  o thers. One im portant point is th a t  all these  options (with th e  exception of Option 1) imply th a t  
th e re  is a value to  delaying emissions. Implicitly, th e  use of any of these  options prejudges th e  ou tcom e 
of discussions abou t the  relative merit of tem porary  storage th a t  have not yet been concluded.
As th e  difference be tw een  the  PAS2050 (option 4) and th e  dynamic LCA (option 5) is small, e i ther  could 
be used in LCA and CF without significant differences in th e  results be tw een  them .
No clear consensus was reached from the  workshop discussions regarding w he the r  or not to  accoun t for 
tem porary  carbon storage in LCA or CF and, if so, w h a t  m ethod  to  employ. Nonetheless, so m e  key 
points w ere  raised but ways to  address these  w ere  not uniformly endorsed. Since th e  benefits given to  
tem porary  carbon storage rely on policy-based accounting choices, it is im portant to  make th e se  choices 
explicit and transparen t  when using any accounting m ethod . A sensitivity analysis should be provided, 
including a baseline scenario of zero benefits for tem porary  storage. Studies of  generic produc t 
categories would be beneficial to  identify for which product types th e  issue of timing of emissions and 
removals could significantly affect the  life cycle carbon footprint.
 ^While midpoint modelling refers to the modelling of impacts (e.g. Climate Change) at a middle point in the cause- 
effect chain or environmental mechanism, endpoint modelling refers to that at the end of the cause-effect chain (i.e. 
damage to Human Health, Ecosystems or Natural Resources).
It is im portant to  do m ore  research in order to  improve climate-change modelling in LCA to  include 
o the r  climate-change impact types and their associated indicators (e.g. instantaneous tem p e ra tu re  
increase and rate of tem p era tu re  increase) since they  can lead to  different conclusions than  from the  
single focus on cumulative radiative forcing. It was agreed th a t  fur ther  research is n eeded  on how  to  
consider th e  dynamics of the  carbon cycle in assessing sequestra tion  and tem porary  s torage of carbon 
and delayed GHG emissions.
Acknowledgements. The authors acknowledge the inputs of every participant of the workshop, particularly those 
who presented their work in addition to some of the authors: Viorel Blujdea, Francesco Cherubini, Roland Clift, 
Laura Draucker, Annemarie Kerkhof, Gregg Marland, Glen Peters, Frank Werner, Marc-Andree Wolf, Katherina 
Wührl, and Giuliana Zanchi.
Disclaimer. Some of the views and opinions raised in this workshop and presented in this summary paper are not 
necessarily shared by all of the authors nor by their associated organisations.
References
Ackerman, Frank and Elizabeth A. Stanton. 2010. The Social Cost of Carbon. Stockholm Environment Institute, 17 
pp. Available online at http://www.e3network.org/papers/SocialCostOfCarbon SEI 20100401.o d f .
Bird DN, Cowie A, Stromman AH, Frieden D (2011) The timing of greenhouse gas emissions from bioenergy 
systems using financial type indicators and terminology to discuss emission profiles from bioenergy. In Proceedings 
of the 19th European Biomass Conference and Exhibition, Berlin. 1 0 .5 0 7 1 /1 9 th E U B C E 2 0 1 1 -V P 5 .2 .5
Brandao M, Levasseur A (2011) Assessing temporary carbon storage in life cycle assessment and carbon 
foofr)rinting: Outcomes of an expert workshop. Publications Office of the European Union, Luxembourg. ISBN 978- 
92-79-20350-3. http://lct.irc.ec.europa.eu/assessment/publications
BSI (2008) PAS 2050:2008 Specification for the assessment of the life cycle greenhouse gas emissions of goods and 
services. British Standards Institution, London.
BSI (2011) PAS 2050:2011 Specification for the assessment of the life cycle greenhouse gas emissions of goods and 
services. British Standards Institution, London.
Cherubini F, Bird ND, Cowie A, Jungmeier G, Schlamadinger B, Woess-Gallasch S (2009) Energy- and greenhouse 
gas-based LCA of biofuel and bioenergy systems: Key issues, ranges and recommendations. Resources 
Conservation & Recycling. 53(8):434-447
Cherubini F, Peters GP, Bemtsen T, Stromman AH, Hertwich E (2011) C02 emissions from biomass combustion 
for bioenergy: atmospheric decay and contribution to global warming. GCB Bioenergy doi: 10.1111/j.1757- 
1707.2011.01102.x
Clift R, Brandao M (2008) Carbon storage and timing of emissions. University of Surrey. Centre for Environmental 
Strategy Working Paper Number 02/08. ISSN; 1464-8083, Guildford.
Courchesne A, Bécaert V, Rosenbaum RK, Deschênes L, Samson R (2010) Using the Lashof Accounting 
Methodology to Assess Carbon Mitigation Projects With Life Cycle Assessment. J Ind Ecol 14 (2);309-321
Müller-Wenk R, Brandao M (2010) Climatic impact of land use in LCA—carbon transfers between vegetation/soil 
and air. Inter J Life Cycle Assess 15 (2):172-182
Dornburg V, Marland G (2008) Temporary storage o f carbon in the biosphere does have value for climate change 
mitigation: a response to the paper by Miko Kirschbaum. Mit. Adapt. Strat. Gl. Change 13:211-217.
European Commission (2010a) Europe 2020: a strategy for smart, sustainable and inclusive growth. Communication 
from the Commission. http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=COM:2010:2020:FIN:EN:PDF
European Commission (2010b) International Reference Life Cycle Data System (ILCD) Handbook - General guide 
for life cycle assessment - Detailed guidance. Joint Research Centre -  Institute for Environment and Sustainability. 
Publications Office of the European Union, Luxembourg.
European Commission (2011). Recommendations based on existing environmental impact assessment models and 
factors for Life Cycle Assessment in European context. ILCD Handbook - International Reference Life Cycle Data 
System, European Union EUR24571EN. ISBN 978-92-79-17451-3. Available at http://lct.irc.ec.europa.eu.
Fearnside PM (2002) Why a 100-Year Time Horizon should be used for Global Warming Mitigation Calculations. 
Mitigation and Adaptation Strategies for Global Change 7:19
Fearnside P (2008) On the value of temporary carbon: a comment on Kirschbaum. Mitigation and Adaptation 
Strategies for Global Change 13 (3):207
Fearnside PM, Lashof DA, Moura-Costa P (2000) Accounting for time in mitigating global warming through land- 
use change and forestry. Mit. Adapt. Strat. Gl. Change 5:239-270.
Forster P, Ramaswamy V, Artaxo P, Bemtsen T, Betts R, Fahey DW, et al. (2007) Changes in atmospheric 
constituents and in radiative forcing. In: Solomon S, Quin D, Manning M, Chen Z, Marquis M, Averyt KB, Tignor 
M and Miller HL (ed) Climate change 2007: The physical science basic. Contribution of working group I to the 
fourth assessment report of the Intergovernmental Panel on Climate Change. Cambridge University Press, 
Cambridge, pp. 129-234.
IPCC, 2007: Summary for Policymakers. In: Climate Change 2007: The Physical Science Basis. Contribution of 
Working Group I to the Fourth Assessment Report o f the Intergovernmental Panel on Climate Change [Solomon, S., 
D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M.Tignor and H.L. Miller (eds.)]. Cambridge University 
Press, Cambridge, United Kingdom and New York, NY, USA.
IPCC (2009) Meeting Report of the Expert Meeting on the Science o f Alternative Metrics. [Plattner, G.-K., T.F. 
Stocker, P. Midgley and M. Tignor (eds.)]. IPCC Working Group I. Technical Support Unit, University of Bern, 
Bern, Switzerland, pp. 75.
ISO (2003) Environmental management —  Life cycle impact assessment —  examples of application o f ISO 14042. 
ISO Technical Report 14047. International Organization for Standardization: Geneva.
Kirschbaum MUF (2003a) Can trees buy time? An assessment of the role of vegetation sinks as part o f the global 
carbon cycle. Clim. Change 58: 47-71.
Kirschbaum, MUF (2003b) To sink or burn? A discussion of the potential contributions of forests to greenhouse gas 
balances through storing carbon or providing biofuels. Biomass and Bioenergy 24: 297-310.
Kirschbaum MUF (2006) Temporary carbon sequestration cannot prevent climate change. Mit. Adapt. Strat. Gl. 
Change 11: 1151-1164.
Korhonen, R., Pingoud, K., Savolainen, I. and Matthews, R. (2002). The role of carbon sequestration and the tonne- 
year approach in fulfilling the objective of climate convention. Environmental Science and Policy 5:429-441.
Levasseur A, Lesage P, Margni M, Deschênes L, Samson R (2010) Considering time in LCA: dynamic LCA and its 
application to global warming impact assessments. Environ. Sci. Technol. 44: 3169-3174.
Manomet Center for Conservation Sciences. 2010. Massachusetts Biomass Sustainability and Carbon Policy Study: 
Report to the Commonwealth of Massachusetts Department of Energy Resources. Walker, T. (Ed.). Contributors: 
Cardellichio, P., Colnes, A., Gunn, J., Kittler, B., Perschel, R., Recchia, C., Saab, D., and Walker, T. Natural Capital 
Initiative Report NCI-2010- 03. Brunswick, Maine.
Marland G, Fruit K, Sedjo R (2001) Accounting for sequestered carbon: the question of permanence. Environ. Sci. 
Policy 4:259-268.
Meinshausen, M. and Hare, B. (2002). Temporary sinks do not cause permanent climatic benefits. Achieving short­
term emissions reduction targets at the future's expense. Greenpeace Background Paper. 7 pp.
Moura-Costa P, Wilson C (2000) An equivalence factor between CO2 avoided emissions and sequestration - 
description and applications in forestry. Mit. Adapt. Strat. Gl Change 5:51-60.
Müller-Wenk R, Brandao M (2010) Climatic impact of land use in LCA— carbon transfers between vegetation/soil 
and air. Inter J Life Cycle Assess 15 (2): 172-182
O’Hare M, Plevin RJ, Martin J I, Jones A D, Kendall A and Hopson E (2009) Proper accounting for time increases 
crop-based biofuels’ greenhouse gas deficit versus petroleum Environ. Res. Lett. 4 (2009) 024001 (7pp) 
doi: 10.1088/1748-9326/4/2/024001
Penman, J., Gytarsky, M., Hiraishi, T., Krug, T., Kruger, D., Pipatti, R., Buendia, L., Miwa, K., Ngara, T., Tanabe, 
K. and Wagner, F. (2003). Good Practice Guidance for Land Use, Land-Use Change and Forestry. IPCC National 
Greenhouse Gas Inventories Programme and Institute for Global Environmental Strategies (IGES), Kanagawa, 
Japan. Intergovernmental Panel on Climate Change.
Pingoud, K, Cowie A, Bird N, Gustavsson L, Rüter S, Roger Sathre, Soimakallio S, Türk A, Woess-Gallasch S 
(2010) Bioenergy: Counting on Incentives. Science Vol 327 1199-1200
Richards, K.R., 1997. The time value of carbon in bottom-up studies. Critical Reviews of Environmental Science 
and Technology v. 27, pp. S279 -  S292.
Schlamadinger B, Spitzer J, Kohlmaier GH, Lüdeke M (1995) Carbon balance of bioenergy from logging residues. 
Biomass and Bioenergy 8(4): 221-234.
Searchinger TD, Hamburg SP, Melillo J, Chameides W, Havlik P, Kammen DM, Likens GE, Lubowski RN, 
Obersteiner M, Oppenheimer M, Schlesinger WH, Tilman D (2009) Fixing a Critical Climate Accounting Error 
Science Science 23 October 2009: Vol. 326 no. 5952 pp. 527-528. DOI: 10.1126/science. 1178797
Shine KP (2009) The global warming potential - the need of an interdisciplinary retrial. Clim. Change 96:467-472.
Shirley, K., E. Marland, J. Cantrell, and G. Marland, 2010. Managing the costs of carbon for durable, carbon- 
containing products. Mitigation and Adaptation Strategies for Global Change, in press.
Tanaka K, Peters GP, Fuglestvedt JS (2010) Multicomponent climate policy: why do emission metrics matter? 
Carbon Manag. 1:191-197.
Watson RT, Noble IR, Bolin B, Ravindranath NH, Verardo DJ, Dokken DJ (2000) IPCC Report on Land use, land- 
use change and forestry. Intergovernmental Panel for Climate Change
WRI and WBCSD (2011) Product Life Cycle Accounting and Reporting Standard. World Resources Institute and 
World Business Council for Sustainable Development, Washington.
Zanchi G, Pena N, Bird N (2010) The upfront carbon debt of bioenergy. Joanneum Research. 
http://www.birdlife.org/eu/pdfs/Bionergv Joanneum Research.pdf. Accessed 15 Julv 2011
O ption 1: 
Fixed GWP
O ption 4: 
PAS2050
O ption 6: 
ILCD
O ption 3: Lashof and  
O ption 5: Dynamic LCA
O ption 2: \
M oura-C osta
100
Time (years)
Figure 1. Illustration of the six options discussed for the assessment of temporary carbon storage and delayed 
emissions in LCA and CF for a 100-year time horizon. Here options 3 and 5 are the same. NB; Options 2, 3 and 4 
presume carbon sequestration before rerelease, whereas options 1, 5 and 6 do not. In contrast to options 1, 4, 5 
and 6, options 2 and 3 were not devised for application to delayed fossil emissions. The 'step' in option 4 at year 25 
is due to the dual nature of the PAS 2050 approach: for short delay/storage times (2-25 years) it applies one 
approach, and another for longer periods (25-100 years) (see Section 4.3).
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Figure 2. The cause-effect chain or environmental mechanism of GHG flows to and from the atmosphere on 
climate change and associated impacts and damages further along the chain (adapted from IPCC, 2009). Policy 
relevance increases further down the chain, but so do uncertainties. The figure shows GHG emissions/removals 
acting on climate change only via radiative forcing. It is acknowledged that climate impacts happens via other 
routes.
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Abstract: In order to properly assess the climate impact o f temporary carbon sequestration and storage projects 
through land-use, land-use change and forestry (LULUCF), it is important to consider their temporal aspect. 
Dynamic life cycle assessment (dynamic LCA) was developed to account for time while assessing the potential 
impact of life cycle greenhouse gases (GHG) emissions. In this paper, the dynamic LCA approach is applied to a 
temporary carbon sequestration project through afforestation, and the results are compared with those of the two 
principal ton-year approaches: the Moura-Costa and the Lashof methods. The dynamic LCA covers different 
scenarios, which are distinguished by the assumptions regarding what happens at the end of the sequestration period. 
In order to ascertain the degree of compensation of an emission through a LULUCF project, the ratio of the 
cumulative impact o f the project to the cumulative impact of a baseline GHG emission is calculated over time. This 
ratio tends to 1 when assuming that, after the end of the sequestration project period, the forest is maintained 
indefinitely. Conversely, the ratio tends to much lower values in scenarios where part of the carbon is released back 
to the atmosphere due to e.g. fire or forest exploitation. The comparison of dynamic LCA with the ton-year 
approaches shows that it is a more flexible approach as it allows the consideration of every life cycle stage o f the 
project and it gives decision makers the opportunity to test the sensitivity o f the results to the choice of different 
time horizons.
Keywords: Life cycle assessment. Dynamic, LULUCF, ton-year, temporary carbon 
sequestration, carbon footprinting
1. Introduction
Growing concerns about climate change have led to an increasing number of global warming mitigation 
projects by temporary carbon sequestration through land-use, land-use change and forestry (LULUCF) 
(Taiyab 2006). Indeed, Annex I Parties to the Kyoto Protocol have in place systems for monitoring and 
estimating LULUCF carbon stock changes in order to calculate total GHG balances and, hence, their 
proximity to their specific Kyoto targets. Despite the provision of guidance by the IPCC for this purpose, 
countries have the liberty of adopting different methods. In practice, methods range from repeated field 
measurements (e.g. national forest inventories) to the compilation of historical datasets and databases.
thus resulting in various degrees o f completeness, accuracy and uncertainty. It is worth noting that 
emphasis is given to the net balances and not to the timing issues that this paper captures.
1.1 Assessm ent of LULUCF projects
Biotic carbon sequestration projects cannot be assessed the same way as emission reductions or 
permanent sequestration projects because they are potentially reversible by disturbances such as 
wildfires, or by changes in project management that would return the sequestered carbon back to 
the atmosphere (IPCC 2000; Moura-Costa 2002). This potential reversibility is the reason why 
LULUCF projects are often controversial. If an offsetting project based on LULUCF that is used 
to reduce the national greenhouse gas (GHG) inventory releases back a part of the sequestered 
carbon to the atmosphere, it will ultimately result in higher GHG emissions than a project aiming 
at actually reducing fossil GHG emissions, and thereby, worsen climate change impacts. For 
instance, if a one-ton fossil CO2 emission is compensated by the sequestration of one-ton CO2 in 
trees, and that these trees release their carbon back to the atmosphere in a wildfire, the net CO2 
balance will be one-ton CO2 , which has more impact on climate than if the initial one-ton 
emission was simply avoided. Moreover, some studies have shown that sequestering some 
carbon and releasing it back to the atmosphere after storing it over a given number of years can 
lead, at that time, to a higher CO2 atmospheric concentration and temperature than if nothing was 
done (Lashof and Hare 1999; Korhonen et al. 2002; Kirschbaum 2003; Kirschbaum 2006). 
However, temporary sequestration and storage is still worthwhile for mitigating climate change: 
the amount of CO2 that would have been present in the atmosphere during the sequestration 
period would have had a cumulative effect on global warming (IPCC 2000). Postponing a GHG 
emission is thus identical to postponing some radiative forcing effect, which is favourable in the 
short term as it also allows buying time while technology develops in the field of GHG emission 
reduction and mitigation (Chomitz 2000; Marland et al. 2001; Noble and Schoies 2001).
To properly assess these types of projects, it is important to consider their temporal aspects (Feng 
2005). There is currently no consensus in the scientific community on the approach to use for 
estimating credits associated with LULUCF projects. The ton-year accounting system (also 
called Mg-year) is the most widely discussed approach and has been given particular attention by 
the Intergovernmental Panel on Climate Change (IPCC) in its special report on LULUCF (IPCC 
2000), despite the fact that the Kyoto Protocol has apparently precluded any equivalency factor 
approach. A ton-year system bases the determination of the credits to be given to a temporary
sequestration project for carbon mitigation on the amount of carbon stored for each year that the 
carbon stock is maintained. Different methods, based on different data and assumptions, have 
been proposed to generate equivalency factors that can be used to compare temporary 
sequestration scenarios (Chomitz 1998; Dobes et al. 1998; Tipper and de Jong 1998).
Among them, the Moura-Costa and the Lashof approaehes are distinguished by their use o f Absolute 
Global Warming Potential (AGWP), a concept widely accepted in the scientific community and used 
under the Kyoto Protocol for climate change impact assessment (IPCC 2000), to generate equivalency 
factors. AGWP is the cumulative radiative forcing over a given time horizon o f a unit mass o f GHG 
released to the atmosphere at one time, as shown in Equation 1 (Forster et al. 2007):
TH
AGWP = ax f c ( / ) a  (1)
0
where TH is the time horizon [years], a is the instantaneous radiative forcing per unit mass 
increase in the atmosphere [Wm'^kg'^j and C(t) is the time-dependent atmospheric load of the 
released GHG [kg], given by the Bern carbon cycle-climate model for CO2 (Joos et al. 2001), 
and by a first-order decay equation for other GHGs (Forster et al. 2007). The well-known Global 
Warming Potential (GWP) index developed by the IPCC is defined by the AGWP value of the 
released GHG for a given time horizon divided by the value of AGWP of CO2 for the same time 
horizon.
For both the Moura-Costa and the Lashof methods, which are illustrated in Figure 1, the baseline 
is the impact on radiative forcing over a 100-year time period, which is the reference time fi*ame 
set for the Kyoto Protocol (UNFCCC 2008), caused by an emission at time zero of one ton of 
CO2 . Over this period, the atmospheric load curve integral is approximately 48 ton-years (Figure 
la), using the IPCC’s Fourth Assessment Report data (Forster at al. 2007 p.212).
The Moura-Costa method (Moura-Costa and Wilson 2000) uses this value to generate an 
equivalency factor of 48 years, which means that removing one ton of CO2 from the atmosphere 
and storing it for 48 years is equivalent, in a 100-year integration and in terms of avoided 
radiative forcing, to avoiding a one ton pulse emission of CO2 (Figure lb). The credits are then 
distributed evenly, meaning that storing one ton of CO2 for one year compensates for a pulse 
emission of 0.02 ton (1 ton-year divided by 48 ton-years/ton CO2).
Alternatively, the Lashof method (Fearnside et al. 2000) considers that temporary sequestration is 
equivalent to delaying an emission until the end o f the sequestration period, and that the benefit o f this 
sequestration is represented by the difference in the integrals o f the two curves within the time horizon o f
100 years. The benefit is thus the part of the area under the curve that is pushed beyond the 100-year limit 
(Figure Ic). Using the IPCC’s Fourth Assessment Report data (Forster et al. 2007), the sequestration of 
one ton of CO2 during 48 years would have a benefit of approximately 19 ton-years. This results from the 
difference between i) the atmospheric load curve integral, from 0 to 100 years, for an emission occurring 
at time zero (baseline curve in Figure Ic) and ii) the atmospheric load curve integral, from 48 to 100 
years, of the delayed emission (delayed emission curve in Figure Ic). Thus, the credit given for the 
sequestration of one ton of CO2 during 48 years would be 0.4 ton C02-eq (19 ton-years divided by 48 ton- 
years/ton C02-eq), contrary to the 1 ton calculated with the Moura-Costa method. Note that under the 
Lashof method, the credits are not evenly distributed in time and depend on the time by which the 
emission is delayed, which also means that the delay time must be known prior to its realization in order 
to quantify the credits. The Moura-Costa method assigns a higher value to temporary storage, as it states 
that the storage of carbon for 48 years compensates for 100% of the emission, with the consequence that 
storing 1 ton of carbon over 100 years would compensate for 208% of that emission, compared to 100% 
in the Lashof method.
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Fig. 1 Illustration of the two principal ton-year approaches for a 100-year time horizon: the Moura-Costa method (b) 
and the Lashof method (c), both of which being based on the cumulative radiative forcing of one ton CO2 (a)
1.2 LULUCF projects and life cycle assessm ent
Life cycle assessment (LCA) is a method used to determine the potential environmental impacts of a 
product or project over its entire life cycle, from raw material extraction to end-of-life (ISO 14040 2006). 
LCA is increasingly used to compare GHG mitigation scenarios such as fossil fuel replacement with 
biofuels, carbon capture and storage, etc. (Menichetti and Otto 2009; Reijnders and Huijbregts 2009). 
This methodology could also be very useful for comparing different LULUCF projects because it 
includes the contribution of every life cycle stage, such as planting, fertilisation, weeding, pest control, 
harvesting, infrastructures, transportation, etc. It also typically considers the potential impacts of projects 
on a comprehensive range of environmental problems, not only climate change (Hauschild 2005).
However, LCA does not currently meet the need for temporal resolution necessaiy for the assessment of 
temporary carbon sequestration projects because it typically excludes temporal information from the 
computation (ISO 14040 2006). First, during the life cycle inventory phase (LCI), the emissions of a 
given pollutant stemming from all the unit processes dispersed through space and time are simply 
summed to give one single aggregated emission (Heijungs and Suh 2002), whereby all temporal 
information is lost. For example, the amount of biogenic carbon that is uptaken by biomass (recorded as a 
negative emission in LCA), is added to the (positive) amount of biogenic carbon released back to the 
atmosphere at end-of-life, resulting in a net zero emission. Second, during the life cycle impact 
assessment phase (LCIA), the potential impacts of the aggregated emissions calculated in the inventory 
phase are assessed by multiplying them with characterization factors that are based on a fixed time 
horizon (Udo de Haes et al. 2002). While for most impact categories this time horizon is infinity, for 
climate change it is usually set to 100 years. What is problematic is not the chosen time horizon per se, 
but rather that it is fixed, irrespective of the time the GHG emission occurred. This implies that impact 
scores calculated from emissions inventories occurring over different time scales do not cover the same 
LCA temporal boundaries (the period covered by the assessed impact), but depend on the product system 
assessed (Levasseur et al. 2010).
The inclusion in LCA of temporary carbon storage and delayed emissions of GHGs (based on the Moura- 
Costa and Lashof approaches) has previously been proposed by Nebel and Cowell (2003), Clift and 
Brandao (2008), the British Standards Institute / Carbon Trust PAS 2050 (BSI 2008), the European
Commission’s ILCD Handbook (2010), Müller-Wenk and Brandao (2010), and Courchesne and co­
workers (2010). More recently, Levasseur et al. (2010) propose a dynamic LCA approach to account for 
time in LCA and first applied it to data from the US EPA lifecycle GHG analysis on renewable fuels 
(USEPA 2009) to show how dynamic LCA leads to more consistent results for global warming impact 
assessment when temporal aspects are prevalent, as is the case when considering land-use change 
emissions in biofuel studies. In a dynamic LCA, emissions are not aggregated in the inventory, and their 
temporal profiles are considered and specifically assessed with characterization factors, which have 
flexible time horizons to account for the timing o f  the emissions in respect to the chosen time horizon o f  
the LCA. The result o f  this approach is a measure o f  the potential impact o f  the studied product or project 
on radiative forcing at any given time.
The objective o f  this paper is to apply the dynamic LCA approach to the assessment o f  a temporary 
carbon sequestration project by afforestation and to compare the results to those obtained with two 
alternative approaches: the Moura-Costa and the Lashof methods, which are based on the ton-year 
approach.
2. Methodology
2.1 Application of dynamic LCA to an afforestation project
A  case study is presented in this paper, using data from a paper on afforestation in open woodlands 
coming from the irreversible conversion o f  closed-crown black spruce forest following a wildfire. In these 
open woodlands, very poor regeneration occurs at natural conditions (Gaboury et al. 2009). The aim o f  
that study was i) to estimate the theoretical net carbon balance o f  a black spruce afforestation project in 
Quebec’s boreal forest and ii) to determine the GHG emissions related to the execution o f  this project 
(harvesting, plantation activities, etc.) using life cycle assessment methodology. The C 02FIX  model 
(Groen et al. 2006) was used to predict the carbon dynamics o f  the natural regeneration and afforestation 
scenarios. Figure 2 presents the results o f  the net carbon balance used in this paper, which is the 
difference in carbon stocks between the afforestation scenarios and natural regeneration. During the first 
2 0  years, the carbon balance is decreasing because the loss from the decomposition o f  organic matter is 
higher than the gain from the growth o f  trees (Gaboury et al. 2009). This is due to the removal o f  existing 
stems, prior to plantation, and to the preparation o f  the soil, which increases the decomposition rate o f  its 
organic matter.
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Fig. 2 Net carbon balance of an open woodland afforestation project in Québec’s boreal forest over 70 years 
(afforestation minus natural regeneration) from Gaboury et al. (2009)
The purpose o f  this case study is to apply dynamic LCA on a hypothetical afforestation project which 
compensates for a baseline pulse-emission o f 1 , 0 0 0  kg CO2 , which corresponds, for example, to the 
emission caused by approximately 5,000 km o f  continental air travel for one person (ecoinvent database). 
The surface needed (34.6 m^) for the afforestation project to sequester the total amount o f  carbon was 
determined linearly using the final net carbon balance after 70 years (see Equation 2).
Emission to compensate \kgCO-, 1 x 0.2727 
SurfaceW \= ________________
Final net carbon balance kg C stored 
ha
1 ha (2)
10,000 m ’
Dynamic inventories were built for the natural regeneration and the different sequestration scenarios 
presented in Table 1. To do so, the time scale was divided in one-year time steps and the carbon fluxes for 
each time step were calculated using the carbon balance data for the afforested surface determined 
previously, A  net carbon sequestration is defined as a negative emission, because it reduces the amount o f  
atmospheric CO2 , leading to a negative radiative forcing following a symmetric profile compared to a 
positive emission (Korhonen et al. 2002). The life cycle GHG emissions coming from the afforestation 
operations (seed production, harvesting operations, plantation, transportation, etc.) have not been added to 
the dynamic inventory for simplification purposes because they represent only 0.4% o f  the radiative 
forcing o f  the total amount o f  carbon sequestered for this study (Gaboury et al. 2009) and they do not 
change the results significantly.
Table 1 Description of the five scenarios assessed with dynamic LCA
SCENARIO DESCRIPTION
At time t=0 At time 0<t<70 At time t>=70
Baseline
emission • 1,000 kg CO2 
released
• No 
sequestration 
activities
• No sequestration 
activities
Neutral
Fire
Exploitation
Fire multi-gas
Landfill
• Sequestration 
of 1,000 kg CO2 
over 70 years by 
afforestation of 
34.6 of black 
spruce in 
Quebec’s boreal 
forest
• No sequestration nor 
emission beyond t=70 
years
• At t=70 years, all carbon 
sequestered in biomass is 
released as CO2 after a 
wildfire
• At t=70 years, trees are 
cut to produce building 
materials and non-stem
materials (branches, 
leaves, etc.) are burned 
(carbon released as CO2)
• At t=145 years, building
materials are burned 
(carbon released as CO2)
• Same as fire scenario 
except carbon is released 
as CO2 (99.7%) and 
methane (0.3%)
• Same as exploitation 
scenario except carbon is 
released as CO2 (99.7%) 
and methane (0.3%) at 
t=70 years and building 
materials are landfilled at 
t=145 years
The time-dependent potential impact on global warming GWIi„st(t) [Wm‘^ ] was computed for the natural 
regeneration and the different afforestation scenarios (Table 1) by combining the dynamic inventory ^(7) 
[kg] with the instantaneous dynamic characterization factors for global warming D C F  (t) [Wm’^ kg’ ]^ 
developed by Levasseur et al. (2010), as shown in Equations 3 and 4.
DCF(t) = AGWP(t) = I  a X C{t)dt (3)
(-1
;=0
The dynamic characterization factors DCF(t) (see Equation 3) are first calculated for each GHG as the 
absolute global warming potential at any one-year time step following an emission. They express the
radiative forcing occurring between time t-1 and t caused by a pulse-emission at time zero. The total 
radiative forcing occurring at time t is then calculated by multiplying each GHG emission by its 
respective dynamic characterization factor DCF(t-i) calculated for the time elapsed between the emission 
(time i) and time t  (see Equation 4). For example, to determine the impact on radiative forcing at year 
100, one would characterize an emission occurring at year 99 with a D C F  calculated over a period o f  one 
year DCF(1), at year 98 with DCF(2), etc. Ultimately, the emission occurring at year 0 would be 
characterized w ith  D C F (100). Equation 4 applies to all the GHG life cycle emissions. GWIi„st(t) is thus 
the sum o f  the radiative forcing occurring at time t for all these emissions. Finally, the net impact was 
calculated by subtracting the impact GWImstO) o f  the natural regeneration scenario from the impact o f  
each afforestation scenario.
Six different scenarios were developed, summarized in Table 1. The “baseline emission scenario” consists 
in the release o f  1,000 kg CO2  into the atmosphere at time zero without any sequestration. The other 
scenarios consist in the same baseline emission o f  1,000 kg CO2 , followed by the sequestration o f  1 , 0 0 0  
kg CO2  over 70 years by afforestation, an attempt to compensate for it. What differentiates the latter 
scenarios is the fate o f  the forest at the end o f  the project. In the “neutral scenario”, nothing happens with 
the forest and w e suppose that no net sequestration, nor emission, w ill happen after the 70-years target. In 
the “fire scenario”, w e assume that a wildfire destroys the forest the first year following the end o f  the 
project. In this case, only the amount o f  carbon sequestered in biomass (not in the soil) is released back to 
the atmosphere, which represents 74% o f  the total amount o f  carbon sequestered (Gaboury et al. 2009). In 
the “exploitation scenario”, all the trees are cut down at the end o f  the project so that the commercial part 
o f  the stem (39% o f  total sequestered carbon) is used in building materials with a 75-year lifetime and 
carbon coming from other wooden parts (branches, roots, sawmill residues, etc.) is released in the first 
year following the end o f  the project through burning with no energy recovery. We emphasize that only  
the carbon sequestered in the soil is assumed to be permanently sequestered and stored. This assumption 
is justified only i f  the land remains as forest since any land-use change might release the soil carbon back 
to the atmosphere (IPCC 2000). For every scenario discussed up to this point in the text, every emission, 
whether positive or negative, is assumed to be in the form o f  CO2 .
For the “fire multi gas scenario”, the assumptions o f  the “fire scenario” were adopted, i.e. 74% o f  the 
sequestered carbon is released the year following the end o f  the project. However, the carbon em issions 
are now assumed to be CO2  and methane (CBfi) in order to investigate the bias induced in the results by  
assuming all carbon emissions are CO2 . Amiro et al. (2009) have studied the GHG emissions coming  
from Canadian boreal forest fires. They used emission factors from the database developed by Andreae 
and Merlet (2001) that express the mass o f  different gases emitted per unit mass o f  dry fuel. The details o f  
the calculations can be found in the supporting material (Online Resource). Finally, the “landfill scenario” 
is the same as the “exploitation scenario”, except that the carbon released by the burning o f  the wooden  
residues at t=70 years is divided between CO2  and CH4 , as in the “fire multi gas scenario”, and the 
building materials are landfilled at t=145 years. W ood in landfills is poorly degraded because o f  the 
presence o f  lignin and around 97% o f  the carbon stays sequestered indefinitely (M icales and Skog 1997). 
The details o f  this scenario can also be found in the supporting material (Online Resource).
The cumulative impact on global warming GWIcumd) at a given time is obtained for each scenario by 
adding the instantaneous impact o f  the previous time steps (see Equation 5). B y comparing the 
cumulative impact GWIcum(0 o f  two different scenarios at a given time, it is possible to determine which  
one causes the less total radiative forcing over that time period.
GWI„St) = t.GWI,„,(i) (5)
z=0
Finally, the ratio o f  the cumulative impact o f  each sequestration scenario over the cumulative impact o f  
the baseline 1,000 kg CO2  emission to compensate ratio_seq(t) was computed (see Equation 6 ).
-----------------
This ratio indicates whether the benefits o f  the sequestration project on radiative forcing compensate for 
the impact o f  the baseline emission. For a given time horizon, a ratio o f  1 indicates that the sequestration 
scenario has saved, over this time horizon, a total amount o f  radiative forcing equal to the total radiative 
forcing caused by the baseline 1,000 kg CO2  emission. A  ratio lower than 1 indicates that the 
sequestration scenario is not enough to compensate for the radiative forcing caused by the baseline 
emission over that time horizon, and inversely, a ratio higher than 1  means that the sequestration scenario 
more than fully compensates for it.
2.2 Comparison of the Moura-Costa and the Lashof methods with traditional 
and dynamic LCA
The Moura-Costa and the Lashof methods are used to assess the temporary sequestration project for the 
same afforested surface (34.6m^), and for a time horizon o f  100 years. These approaches are applied in 
two different ways: i) the first one, called “static”, does not consider the time-dependent carbon balance 
and assumes that all the carbon is sequestered at time t=0, and then stored for 70 years, which is the time 
frame o f  the project, and ii) the second way, called “dynamic”, considers that the amount o f  carbon 
sequestered each year (as shown in Figure 2) is stored from the year o f  the sequestration until the end o f  
the 70-year project.
The Moura-Costa {MC) method gives a constant credit o f  0.02 ton C0 2 -eq for every year a ton o f  CO2  is 
stored. The static ( 5 )  result in kg C0 2 -eq is obtained by multiplying the total net amount o f  CO2  
sequestered by this equivalency factor and by the duration o f  the sequestration, which is 70 years (see  
Equation 7).
MC {s) = 1,000 kg CO2 X 0.02 ton CO^eq / ton CO2 • year x lOyears (7)
To obtain the dynamic (d) result o f  the Moura-Costa approach, the amount o f  CO2 sequestered at a given  
year is multiplied by the credit o f  0 . 0 2  ton C0 2 -eq and by the number o f  years from the moment it is 
sequestered to the end o f  the project (70 years). This means that, for instance, the amount o f  carbon 
sequestered on year 50 w ill be multiplied by the equivalency factor 0.02 ton C0 2 -eq/yr and by 20 years, 
the latter being the time it w ill be stored (from year 50 to 70). For the years when the carbon balance 
shows a net emission (from 0  to 2 0  years), the value o f  the emission is subtracted from the total credit
(see Equation 8). These emissions, caused by the soil preparation prior to plantation, must be taken into 
account, and subtracted from the credit, since this part o f  the credit is used to cancel them, and is no more 
available to compensate for the baseline emission.
70 r 20
MC id) =  £ ( 0  X  ( 7 0  - 0  X  0. 02] -  ( 8 )
7=21 7=1
In the Lashof (L) approach, the credit given for temporary carbon sequestration and storage is not 
constant but rather depends on the number o f  years carbon w ill be stored. The static result, which assumes 
that the total net amount o f  carbon is sequester at time t=0, is obtained by multiplying the total amount o f  
CO2  sequestered by the part o f  the area under the load curve which is pushed beyond the 100-year time 
horizon. Since the length o f  the storage period is 70 years, the benefits are given by the area under the 
baseline curve (see Figure la) going from year 30 to 100 (AREAsoto 100)■ This value is then divided by 48 
ton-years/ton C0 2 -eq (AREAoto 100), which is the value in ton-years o f  a pulse emission at time t=0, to get 
the value o f  the credit. Equation 9 shows this calculation.
^   ^  ^ 1,000kgC 0 2  X AREA^ QtoiQQ Ion • year / ton CO2  ^
AREAq^o\oo ^on • year / ton  ^ ^
Equation 10 gives the formula used to get the dynamic result for the Lashof method. The benefit in ton- 
years is determined for every amount o f  CO2  sequestered according to the number o f  years o f  storage, and 
the total benefit is then divided by 48 ton-years/ton C02-eq to get the value o f  the credit. For instance, the 
amount o f  carbon sequestered on year 50 is stored from year 50 to year 70, i.e. over a time period o f  20  
years. Since storing carbon for 20 years is equivalent to delaying an emission for 20 years, the benefit is 
given by the area under the baseline curve from year 80 to 100. Just as for the Moura-Costa method, for 
the years when the carbon balance shows a net positive emission, the value o f  the emission is subtracted 
from the total credit.
L(d) = ±  f  C O ,^ (7 )  (10)
7=21 ^^/^^07ol00 7=1
Finally, for comparison purposes, a traditional static LCA and a dynamic LCA are perform ed on th e  
sequestration  project. The application of th e  Moura-Costa and th e  Lashof approaches implies th a t  th e  
carbon is released back to  th e  a tm osphere  at th e  end of th e  s torage period. To be consistent with this 
assumption, th e  static and dynamic LCA results are calculated assuming th a t  the  total am oun t of CO2  
seques te red  (1,000 kg) is released back to  the  a tm osphere  after  70 years. The traditional static LCA 
result LCA(s) is simply given by the  sum of every CO2  flux, multiplied by the  characterization factor, 
which is the  GWP value for a 100-year time horizon (see Equation 11).
LC.4(^) = £ ( c O ,„ ,„ ,^ (0 -C O ,„ ,.,,,^ (7 ))x G1^„„ (11)
t=l
The dynamic LCA result LCA(d) is obtained by dividing th e  cumulative impact on global warming GWIcum 
for a 100-year time horizon (obtained with Equation 5) by th e  cumulative radiative forcing of a 1 kg CO2  
pulse emission occurring a t  t=0 (obtained with Equation 1) to  ge t a value in CÛ2-eq (see Equation 12).
IC 4 (6 f) =
GP^7_(100)
AGWP{m)
3. Results and discussion
( 1 2 )
3.1 Application of dynamic LCA to an afforestation project
Figure 3 presents the results obtained with dynamic LCA for the assessment o f  the afforestation project 
i.e. the instantaneous (a) and cumulative (b) impact on global warming as computed with Equations 4 and 
5, respectively, and the ratio (c) o f  the cumulative impact o f  the sequestration project over the cumulative 
impact o f  the baseline emission as computed with Equation 6.
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Fig. 3 (a) Instantaneous and (b) cumulative impact on global warming obtained with dynamic LCA for a baseline 
emission of 1,000 kg CO2 and five different sequestration scenarios of afforestation in a boreal forest and (c) ratio of 
the cumulative impact of the baseline emission of 1,000 kg CO2 compensated by the afforestation project 
The curves for the five sequestration scenarios are overlaying each other for the first 70 years because the 
difference between the scenarios resides in what is happening with the project at the end o f  the 
sequestration period. Instantaneous dynamic LCA results (Figure 3 a) show the time-dependent potential 
impact on global warming, for a baseline emission scenario and five different mitigation scenarios (see 
Table 1) starting from t=0, time when the emission o f  1,000 kg CO2 occurs. The net radiative forcing for 
every sequestration scenario is positive for the first 50 years, and is even greater than the radiative forcing 
o f  the baseline emission itself for the first 25 years, because the net carbon balance o f  the afforestation 
project is negative in this period (Figure 2), meaning that a net CO2  emission is added to the baseline 
1,000 kg CO2 , increasing the total impact on global warming during that period o f  time. This shows that 
the assumptions regarding carbon exchanges between the forest and the atmosphere have a significant 
impact on the results.
The curve o f  the cumulative impact (Figure 3b) for the neutral scenario tends to zero with time as the total 
amount o f  carbon stored in the biomass, which is the same amount o f  carbon released at time zero, is 
assumed to stay sequestered indefinitely. This is also observed in Figure 3c, where the ratio o f  the impact 
o f  the baseline emission compensated by the afforestation project o f  the neutral scenario tends actually to 
1 for an infinite time horizon. This means that a traditional LCA o f  the sequestration project with the 
assumptions o f  the neutral scenario gives the same result as a dynamic LCA integrated to infinity. In this 
case, i f  one were to assume an infinite time horizon, the sequestration project would fully compensate the 
total effect o f  the baseline GHG emission. But, as shown in Figure 3c, the shorter the time horizon, the 
lesser is the compensation. A  shorter time horizon increases the relative importance o f  what is happening 
earlier, which is a positive radiative forcing for the first 50 years. The benefits o f  the sequestration come 
later and, for short time horizons, do not have the time to substantially compensate for the baseline 
emission. Figure 3 shows the sensitivity o f  the results to the choice o f  a time horizon. For instance, the 
fire scenario reaches a compensation ratio o f  0.23 for a 100-year time horizon, and o f  0.04 for a 500-year 
time horizon. Under very long (a few centuries) or infinite time frames, there may be insignificant or no 
benefits at all to temporary carbon storage.
The plausibility o f  the assumptions made for the neutral scenario is questionable. In reality, black spruces 
in boreal forests reach maturity around 70 years following their plantation (MRNFP 2003), but they still
sequester or release CO2  after that time. This means that the carbon balance following the end o f  the 
project is probably not neutral. More research would be needed to quantify this additional amount o f  
carbon sequestered or released in order to modify the neutral scenario, which intends to reflect the most 
optimistic conditions. On the other hand, wildfires are very common in boreal forests and their 
probabilities must be considered while determining the more realistic mean age o f  a typical mature tree 
(Bergeron et al. 2006).
The fire and exploitation scenarios draw the attention on an important and controversial aspect o f  
sequestration through forestry: the management o f  the project after its end. The assumption made for the 
neutral scenario, in which the total amount o f  carbon sequestered during the project stays indefinitely in 
the biomass, is not realistic. Practical projects have a finite duration and the responsibility o f  the manager 
for the carbon pool has an end (Korhonen et al. 2002). Forests are also vulnerable to natural disturbances 
such as wildfires and pests that would cause at least a partial release o f  the sequestered carbon back to the 
atmosphere (Garcia-Oliva and Masera 2004). O f course, the results presented in Figure 3 are very much 
affected by the assumption that no forest is replanted after the fire or the exploitation, since no carbon 
flux is considered following these events. Therefore, the general conclusion that the ability o f  an 
afforestation project to compensate for a fossil-based GHG emission is very sensitive to what happens at 
the end o f  the project still stands.
The effect o f  the carbon released back to the atmosphere at different times after the end o f  the project, 
different across scenarios, can be seen in the instantaneous radiative forcing results shown in Figure 3a. 
The results for cumulative radiative forcing shown in Figure 3b do not tend to zero for these scenarios as 
there is more carbon emitted to the atmosphere than sequestered as a final balance. This effect can also be 
observed from the ratios o f  the cumulative impacts over time, shown in Figure 3 c. Increasing the time 
horizon beyond the sequestration time decreases the ratio o f  the impact o f  the baseline emission recovered 
by the afforestation project.
W e emphasise that the assumptions made for the fire and the exploitation scenarios could be refined. 
Growing trees sequester carbon by absorbing carbon dioxide present in the atmosphere during 
photosynthesis. However, the carbon released back to the atmosphere during a fire, although m ostly in the 
form o f  CO2 , is also partly released as methane (Amiro et al. 2009), which has a GWP 1 0 0  25 times higher 
than that o f  CO2  (Forster et al. 2007). The fire multi gas scenario considers both gases. Even i f  the amount 
o f  CO2  released by the fire is 334 times higher than the amount o f  methane (on a mass basis), the fraction 
o f  the impact o f  the baseline emission that is compensated by the fire multi-gas scenario is significantly 
different than that by the simplified fire scenario. For a time horizon o f  100 years, for example, the 
compensation for the fire multi-gas scenario is 16% o f  the impact o f  the baseline emission, w hile the 
compensation is 23% for the C02-only fire scenario. The dynamic LCA approach can determine the 
impact on radiative forcing o f  any given GHG i f  inventory data are available, which could be applied to 
any scenario. The landfill scenario also raises the important question o f  permanent sequestration. A s most 
o f  the wood contained in the building materials landfilled at their end-of-life w ill not be degraded, a part 
o f  the carbon can be considered as permanently stored. The dynamic LCA allows assessing it as shown in 
Figure 3c, where it is shown that the ratio o f  the baseline emission compensated by the landfill scenario is 
much higher than that o f  the scenarios which are releasing the total amount o f  carbon back to the 
atmosphere.
3.2 Comparison of the Moura-Costa and the Lashof methods with traditional 
and dynamic LCA
Table 2 shows the results obtained by applying the Moura-Costa (Equations 7 and 8), the Lashof 
(Equations 9 and 10) and the LCA (Equations 11 and 12) methods, in both the so-called “static” and 
“dynamic” interpretations, with a time horizon o f  100 years. The calculated credit (in kg CÛ 2 -eq) is 
presented on the first line and expresses the ability o f  the project to compensate for a baseline GHG 
emission. On the second line, the credit is transformed into a ratio o f  the baseline emission by dividing it 
by 1,000 kg C02-eq. A  ratio below  1 indicates that the afforestation o f  34.6m^, as assessed with the 
respective methods, is not enough to compensate for the baseline emission, and a ratio over 1 indicates 
the opposite. On the third line, the surface needed to obtain a ratio o f  1, according to each approach, is 
also computed. For example, i f  the initial afforestation project, which covers 34.6 m^, compensates for 0.5 
o f  the baseline emission, the surface needed to obtain the full compensation is twice the initial surface, i.e. 
69.2 m .^ Finally, the last line o f  the table gives the fi*action o f  the initial surface that this new surface 
represents. Using the last example, the fraction o f  the initial surface would be 2.0.
Table 2 Static and dynamic results o f the Moura-Costa, the Lashof and the LCA methods applied to an afforestation
M oura-C osta L ashof LC A
Static Dynamic Static Dynamic Static Dynamic
Calculated credit 
(kg C02-eq)
1,464 500 605 182 0 226
Ratio o f  the 
baseline emission  
compensated by 
the project
1.46 0.50 0.61 0.18 0 0.23
Afforested surface 
needed to 
compensate the 
baseline emission  
(m')
24 69 57 190 N /A 153
Fraction o f  the 
initial 34.6m^ 
surface
0.68 2.00 1.65 5.48 N /A 4.4
The high variability o f  the results presented in Table 2 shows that the ability o f  a temporary sequestration 
and storage project to compensate for a certain GHG emission highly depends on the chosen assessment 
method, and on the related assumptions. Because they assume that all the carbon is sequestered at time 
/=0, which is an overestimation o f  the real storage time, the “static” interpretations o f  the Moura-Costa 
and the Lashof methods obtain higher values for the calculated credit than their dynamic equivalent. The 
credit calculated for the static LCA method (0 kg C02-eq) shows that current LCA does not allow giving  
a value to temporary carbon storage. Since the total amount o f  carbon sequestered is released back to the
atmosphere at the end o f  the project, the net emission is zero, corresponding to a zero impact. As 
explained in the introduction, the Moura-Costa method gives a much higher value than the Lashof and 
LCA approaches, since it considers that the storage o f  carbon for 48 years compensates for 100% o f  the 
equivalent emission, compared to 100 years for the Lashof approach. The static Moura-Costa result 
implies that 1,000 kg CO2  is stored for 70 years, which is longer than this 48 years. This is why the 
calculated credit is higher than the baseline emission.
The same scientific basis is used for the Moura-Costa, the Lashof, and the dynamic LCA approaches, 
which is the cumulative radiative forcing concept (AGWP) developed by the IPCC, but the way it is used 
to give value to temporary carbon storage differs. The dynamic LCA approach goes a step further by 
giving the value o f  the impact on radiative forcing caused by the project at any given time, for any 
temporal profile and for every GHG. Both Moura-Costa and Lashof methods are developed for CO2  only; 
they do not allow for the consideration o f  other GHGs, nor o f  other activities associated with the project 
such as the different scenarios presented in this paper. Dynamic LCA is a more flexible and 
comprehensive approach as it allows considering all the GHG fluxes emitted or sequestered during the 
different steps o f  the project life cycle, which gives an insight o f  the impact o f  the w hole project on global 
warming. The dynamic LCA approach has the advantage to be consistently applicable to other impact 
categories by developing further sets o f  dynamic characterization factors (Levasseur et al. 2010), in the 
case where the objective would be to expand the scope o f  the analysis o f  the LULUCF project to 
environmental problems other than global warming.
D ecision makers often need to make value judgements on the relative importance o f  short- and long-term  
impacts (Hellweg et al. 2003). Giving permanent credits for temporary sequestration activities is made 
possible only by the choice o f  a time horizon beyond which impacts are not considered (100 years in the 
present case); a larger importance is implicitly given to what happens in the short term, and the long term 
is overlooked. The choice o f  time horizons rely more on political decisions than on scientific approaches 
(Feamside 2002; Shine 2009). Both Moura-Costa and Lashof methods use an implicitly fixed time 
horizon o f  100 years to determine the carbon credits o f  specific projects. This is unfortunately not always 
clear for decision makers. Dynamic LCA allows the use o f  flexible time horizons, which can be 
determined at anytime in the process, since the results are detailed in time. This flexibility supports the 
performance o f  sensitivity analyses, helping decision makers to understand how the arbitrary choice o f  
time horizon affects the results o f  the analysis. Dynamic LCA also offers a consistent way to look at the 
impact o f  different events occurring after the end o f  the afforestation project such as wildfires or different 
uses o f  the wood, which cannot be done with ton-year approaches.
The dynamic characterization factors developed for global warming have the same principal limitation as 
any method based on IPCC’s data for radiative forcing, which is the use o f  an instantaneous radiative 
forcing value and an atmospheric GHG load expression that do not vary with CO2  atmospheric 
concentration. In the Fourth Assessment Report (Forster et al. 2007), these variables are calculated for an 
atmospheric concentration o f  378 ppm CO2 . Korhonen et al. (2002) have shown that the use o f  a more 
complex model for carbon dynamics, where the variation o f  CO2  atmospheric concentration is considered, 
can change the conclusions regarding the benefits o f  a sequestration project. The integration o f  a dynamic 
carbon model into the dynamic LCA method could therefore be an interesting approach. However, it 
should be noted that modeling with a variable CO2  concentration implies the use o f  future em ission  
scenarios (such the ones developed by the IPCC) which are highly uncertain.
Another limitation o f  dynamic LCA and ton-year approaches is the lack o f  consideration for the impacts 
o f  afforestation or deforestation activities on albedo effect. Indeed, some researchers have shown that the 
plantation o f  conifers in regions covered with snow or the deforestation activities in some particular 
geographical zones can have the opposite impact on global warming than the objective o f  the project by a 
change in surface albedo (Betts 2000; Bala et al. 2007). Schwaiger et al. (2010) propose an approach to 
incorporate albedo changes in carbon accounting and suggest that LCA studies done on land use change 
projects include these non-GHG effects on climate in the future. Munoz et al. (2010) present a 
methodology to include the impact o f  land surface albedo changes as C02-eq in LCA studies. In this 
paper, we made the choice to restrain the scope o f  our research to the impact pathway linked to GHG 
emissions with dynamic LCA. However, combining this with approaches for assessing the albedo effects 
would certainly improve the relevance o f  assessing LULUCF projects and therefore provide more robust 
recommendations
4. Conclusions
Giving permanent credits for temporary carbon sequestration and storage projects is still a hotly-debated 
issue. This paper compared the dynamic LCA approach (Levasseur et al. 2010) with two well-known  
methods proposed to determine the credits due to LULUCF projects: the Moura-Costa and the Lashof 
approaches. We showed that the dynamic LCA approach has the following key advantages: (1) it is a 
flexible approach as it consistently evaluates the impact on radiative forcing occurring at any given time 
caused by every GHG flux; (2) it allows the consideration o f  every life cycle step o f  the project, such as 
harvesting, plantation, transport and also different end-of-life scenarios; and (3) it gives decision makers 
the opportunity to test the sensitivity o f  the choice o f  different time horizons.
This analysis shows that the results from the assessment o f  LULUCF projects vary significantly across 
the alternative approaches. Therefore, it is important that the method used be as transparent as possible so 
that the sensitivity to the different assumptions and temporal choices can be determined and made 
explicit. Dynamic LCA is capable o f  fulfilling this need, but further research is necessary to improve the 
method so that it better represents the impact o f  temporary sequestration projects. A lso, as discussed in 
this paper, practitioners using dynamic LCA for the assessment o f  temporary sequestration projects must 
be careful while making assumptions regarding the carbon flows between the forest and the atmosphere 
while trees are growing and what is happening following the end o f  the sequestration project.
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